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CHAPTER I. SOUTH CENTRAL COAST OF VIETNAM: HYDROGRAPHY, 
NUTRIENT STOICHIOMETRY, AND PHYTOPLANKTON BLOOMS
ABSTRACT
As part of the southern South China Sea, south central Vietnamese waters experience 
strong monsoonal wind and buoyancy forcing during the summer months, which regulate 
patterns in ocean circulation, nutrient regime, and planktonic biomass and species 
composition. Intensive phytoplankton blooms were detected along the south central coast 
of Vietnam with increasing frequency, temporally coincident with the southwest monsoon 
in summer; however, the processes that control phytoplankton growth and the changes in 
assemblage composition remain uncertain. Hydrological profiles, dissolved nutrients, 
particulate matter, and phytoplankton pigments were measured off the coast of south 
central Vietnam during summer months in 2009 and 2010 to assess the temporal variations 
in oceanographic and biological conditions, as well as the causative mechanisms in the 
control of phytoplankton distribution in a broader region. Seasonal climatologies of forcing 
and responding variables were also determined from satellite measurements. The results 
demonstrated that there was a correlation between strong monsoonal winds and elevated 
pigment concentrations during monsoon seasons, and that freshwater input played an 
important role in generating stratification in the surface waters. Significant differences in 
phytoplankton biomass and hydrological conditions were consistently observed between 
July 2009 and August 2010, suggesting a high level of temporal heterogeneity in both. 
Changes in nutrient regime, especially in the reduction in N03:NH4 ratio, were considered to 
be a dominant control on the temporal progression from diatom- to Phaeocystis-dominated 
phytoplankton assemblage off south central Vietnam.
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INTRODUCTION
Vietnam is the easternmost country on the Indochina Peninsula in Southeast Asia. It 
is bordered by China to the north, Laos to the northwest, Cambodia to the southwest, and 
the South China Sea to the east. The width of the continental shelf varies substantially 
along the coast of Vietnam. The coast of Binh Thuan Province, which is located along the 
south central coast and between 11-13°N, has a comparatively narrow shelf (< 100 km in 
width), with depth increasing steeply to 3,000 m at the slope (Fig. 1.1). The hydrological 
characteristics of south central Vietnamese waters are complex and influenced by the 
general conditions of the South China Sea (Wang et al., 2010). Large riverine inflows, 
coupled with seasonally reversing monsoonal wind forcing and complex topography, 
govern dynamics and biological variability over the shelf and slope off south central 
Vietnam.
Large scale wind-forced dynamics, dominated by the monsoons, explain the 
underlying basin-scale circulation in the South China Sea (Bayler and Liu, 2008), though 
processes acting at shorter spatial and temporal scales, such as riverine buoyancy input, 
topographic effects, and enhanced mixing driven by local and remote internal tides, will 
modulate the responses to broad monsoonal wind patterns (Lee et al., personal 
communication). During the summer monsoon, mountain ranges in southern Vietnam 
block the southwestly winds, producing an offshore wind jet and anticyclonic circulation in 
the southern South China Sea (Gan et al., 2006). The coastal je t reverses direction under 
the influence of northeastward winds and anticyclonic offshore circulation, detaching from
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the coast at roughly 12°N in a manner consistent with western boundary current separation 
(Bayer and Liu, 2008) or as the formation of an offshore filament in response to a rapid 
transition from wide to narrow shelf width.
The southern South China Sea also experiences strong buoyancy forcing from rivers 
along its periphery, with the Red River and the Mekong River dominating the discharge 
from the Vietnamese coast. The Mekong River ranks 10th among the world's rivers in 
discharge, with an annual average outflow of 16,000 m3 s’1, only slightly less than that of 
the Mississippi-Missouri River complex (Nguyen, 1999). This strong influx of fresh, buoyant 
water can impede turbulent entrainment and may limit the utility of satellite remote 
sensing. Mekong discharge follows an annual cycle tied to the monsoon. During the period 
of weaker, wintertime discharges, the Mekong plume exits the delta and flows southward, 
joining the westward-flowing coastal jet (Wolanski et al., 1996). Discharge rises in May with 
the onset of the wet season and coastal upwelling, as well as the associated northward 
transport within the coastal jet. This correlation impedes barrier layer formation and sets 
up interplay between upwelling, buoyancy input, wind forcing and the narrowing-shelf 
bathymetry that likely impacts separation of the coastal current and its role in effecting 
cross-slope exchange (Gan et al., 2006; Cai et al., 2007).
The south central coast of Vietnam, as a marginal region of the southern South China 
Sea, displays a similar monsoonal weather regime: the wet season lasts from July to 
October with an average monthly rainfall ca. 200 mm at Phan Thiet Station in Binh Thuan 
Province (Doan et al., 2010). This monsoonal regime has a strong impact on the ocean 
circulation off the south central coast, which changes from a southwest flow during winter
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to a northeast flow during summer (Shaw and Chao, 1994). Offshore advection driven by 
processes that might include instabilities in the strong wintertime coastal je t and 
summertime filament formation and boundary current separation inject water masses 
formed by riverine inflow and upwelling/downwelling circulation along the Vietnamese 
coast into the interior, altering mixed layer depth and pycnocline structure in the western 
South China Sea (Lee et al., personal communication). Likewise, nutrients introduced by 
river inflow and upwelling, along with the planktonic assemblages that grow in response, 
can be carried into the interior to create regions of elevated biological activities well away 
from the coast.
Over the last few decades, there has been an ever increasing emphasis on 
phytoplankton blooms, especially on those formed by harmful algal species which 
represented a significant and increasing threat to human health, fisheries, and valuable 
tourist industries (Anderson et al., 2000). Eutrophication has been considered as one of the 
major factors that trigger the occurrence of harmful algal blooms, particularly in estuarine 
and coastal waters (Glibert et al., 2006). Off the coast of south central Vietnam, intensive 
phytoplankton blooms associated with the fresh water and upwelling inputs include a 
variety of harmful algal species, which caused significant damage to aquaculture, 
contributed to a dramatic decrease in bio-diversity of marine populations, and resulted in 
adverse effects on the Vietnamese economy (Doan et al., 2003; Tang et al., 2004; Wang et 
al., 2008). Previous studies have been conducted on phytoplankton identification and on 
monitoring the occurrence of the blooms and algal toxins since the 1990s (Nguyen et al., 
2004); however, those observations were limited to a narrow band of coastal waters and 
restricted sampling efforts (Tang et al., 2004).
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Diversity of phytoplankton was studied during a series of field investigations along 
the south coast of Vietnam from 1992 to 1995. 374 phytoplankton species were recorded 
during the investigations in which diatoms accounted for the largest portion (284 species, 
76%) and dinoflagellates were represented by 85 species (22.7%; Nguyen and Doan, 1996). 
Despite its absence in the 20th century in the studied region, the Prymnesiophyte 
Phaeocystis globosa, referred hereafter as P. globosa, has bloomed nearly every summer to 
autumn since 2002, generally following a bloom of diatoms that usually starts in late June 
or early July. Intensive P. globosa blooms in waters o ff Binh Thuan Province were recorded 
in 2002, 2005, 2007, 2008 and 2009 (Doan et al., personal communication), and these 
events appeared to have been associated with large-scale upwelling events during the 
southwest monsoon (Doan et al., 2010). P. globosa is characterized by a complex 
polymorphic life cycle with alternating free-living cells (3-9 pm in diameter) and gelatinous 
colonies (100 pm - 3 cm), which can lead to accumulations of mucilaginous foam at the sea 
surface and on the beaches (Rousseau et al., 1994; Chen et al., 2002). It has been 
suggested that P. globosa blooms have a considerable impact on the ecosystem and the 
water quality (Veldhuis et al., 2005). In July 2002, up to 90% of animal and plant species in 
tidal reefs of Phan Ri Bay (coastal waters of Binh Thuan Province) were destroyed by a P. 
globosa bloom, causing an economic loss of over 10 billon Vietnam dong (ca. $650,000 US). 
During this bloom low diversities of both phytoplankton and zooplankton species were 
reported (Doan et al., 2003). It has been also found that P. globosa has haemolytic activity, 
and hence is potentially harmful to humans and marine life (He at al., 1999). Blooms of 
heterotrophic dinoflagellate Noctiluca scintillans were also reported in recent years - 
occurring either before or after P. globosa blooms (Doan et al., 2008). N. scintillans off the
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Vietnamese coast has endosymbionts which effectively make it a primary producer; hence, 
this form is also called "green Noctiluca". Such form has been observed throughout Asia 
and the Arabian Sea (Harrison et al., unpublished), but only recently been reported in the 
peer-reviewed literature (Gomes et al., 2008). Preliminary results indicate that there was a 
pattern in the development of the blooms with a change in plankton community 
composition and nutrient stoichiometry; however, effects of upwelling activities, nutrient 
regime, and species competition are complex in the south central Vietnamese waters (Doan 
et al., 2008; unpublished) and more investigations are necessary to elucidate the role of 
upwelling and coastal processes on phytoplankton assemblage composition.
The study in this chapter aims to understand the seasonal and interannual variability 
of phytoplankton biomass and assemblage composition along the south central coast of 
Vietnam, as well as processes that govern ocean circulation and biological variability over 
the shelf, including the interplay between monsoonal wind forcing, freshwater input and 
topography.
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HYPOTHESES
Hypotheses to be addressed in this chapter include:
HI: Monsoonal winds and the ocean circulation in response drive the seasonality of 
phytoplankton biomass off south central Vietnam.
H2: Nutrient stoichiometry determines the temporal progression in phytoplankton 
assemblage composition during the summer monsoons.
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MATERIALS AND METHODS
In situ observations
CTD casts (Seabird CTD 19 plus; continuous measurements of temperature, 
conductivity and derived salinity and density, all binned at 0.5 m intervals) and water 
samples were collected off south central Vietnam during mid- and late summer in 2009 and 
2010 (Table 1.1). Stations were occupied between 10.4-11.4°N, southeast of the coastline 
and approximately perpendicular to the continental shelf (Fig. 1.2). Water samples were 
collected from Niskin bottles at the surface, near bottom, and the estimated chlorophyll 
maximum layers, and were analyzed for dissolved nutrients (N03, N02, PCM, Si(OH)4, and 
NH4), particulate organic carbon (POC), particulate nitrogen (PN), chlorophyll 
concentrations, cell abundance and taxonomic discrimination. Dissolved nutrients were 
analyzed using automated techniques at the National Institution of Oceanography in Nha 
Trang, Vietnam, and POC and PN via pyrolysis on a Carlo Erba EA 1108 and a Costech ECS 
4010 elemental analyzers. Samples for chlorophyll were filtered under low vacuum 
through Whatman GF/F filters, placed in 90% acetone and extracted for at least 24 hours in 
cold and dark conditions. Chlorophyll was assessed fluorometrically on a Turner Designs 
TD-700. Phytoplankton samples were preserved with Lugol iodine solution, and identified 
and enumerated under a Nikon inverted microscope. P. globosa colony samples were 
collected in the surf zone for a series of measurements and experiments, which are 
described in detail in Chapter 2. In 2010, dissolved nutrients and taxonomic data were 
unavailable due to limited experimental conditions.
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Remote sensing analysis
Data from the Sea-viewing Wide Field-of-view Sensor (SeaWiFS) and the Moderate 
Resolution Imaging Spectroradiometer (MODIS) were provided by NASA's ocean color 
processing group (http://oceancolor.gsfc.nasa.gov/). Level-3 Global Standard Mapped 
Images at 4 km (MODIS) and 9 km (SeaWiFS) resolutions were selected from the period 
January 2003 to December 2010. For both cruises, the eight-day average (including the 
sampling dates) and standard error of SeaWiFS/MODIS chlorophyll concentrations and 
MODIS sea surface temperature (SST) were extracted and computed from pixels nearest to 
each station with a 3x3 mask. In addition, monthly averaged pigment concentrations, SST, 
and standard errors were extracted and binned from 10.4-11.4°N, 107.6-109.2°E to 
generate monthly climatologies of SST and pigment concentrations in the sampling region. 
Wind information (north and east vectors of the wind fields; four times daily) were 
obtained from NCEP/NCAR reanalysis data from the NOAA Climate Diagnostics Center 
(http://www.esrl.noaa.gov/psd/data/reanalvsis/reanalysis.shtml) at the location closest to 
each station. Climatologies of wind speed and direction were derived from a blend of Quick 
Scatterometer (QuikSCAT) and NCEP reanalysis ocean winds from Colorado Research 
Associates (http://dss.ucar.edu/datasets/ds744.4/) and also binned from 10.4-11.4°N,
107.6-109.2°E. Image analyses and data extraction were performed using Matlab (version 
2009b) and WIM/WAM (version 6.58).
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RESULTS
Climatologies of surface wind, temperature, and pigment concentrations
Surface wind
Regional wind showed seasonal fluctuations in both intensity and direction. 
Climatology of blended analyses of QuikSCAT and NCEP reanalysis winds indicated a pattern 
characterized by strong southwest winds prevalent from May to September, northeast 
winds prevalent from November to March, and extremely rapid reversals in April and 
October (Fig. 1.3). The weekly climatology shows maximum winds of 12 m s'1 (23.3 knots) 
in early January, followed by a steady decrease till late April, then by an increase to a 
secondary peak of 10.5 m s'1 in early August. Despite a rapid decline in early August, 
elevated wind speeds were detected later in the month followed by a continuing decrease 
from mid-September. Weakest winds were observed in mid-April and October, while the 
wind direction was reversing with speeds of ca. 5.5 m s'1.
Sea Surface Temperature
MODIS estimates of SST varied in both time and space (Figs. 1.4a, 1.5). In general,
the water was warm over the shelf, with monthly averaged SST exceeding 24°C throughout
the year. It is likely due to the absorption of solar radiation in this tropical region. Monthly
averaged SST was highest in May with a value of 29.1°C, and lowest in January with a value
of 24.3°C (binned from 10.4-11.4°N, 107.6-109.2°E). Interestingly, compared to
neighboring regions, a noticeably cooler water mass was observed in the surface waters
11
over the shelf off south central Vietnam in July and August, temporally coincident with the 
prevalence of southwest monsoon.
Pigment concentrations
Seasonal variations of the phytoplankton blooms were depicted by analyzing monthly 
averaged ocean color images of chlorophyll concentrations from the period January 2003 to 
December 2010 (Figs. 1.4b, 1.6). Chlorophyll concentrations binned from 10.4-11.4°N,
107.6-109.2°E were highest in August with an average value of 2.53 and 2.25 pg L1 
estimated from SeaWiFS and MODIS images, respectively. Pigment accumulation was 
detected over the shelf, as indicated by elevated chlorophyll concentrations exceeding 6 pg 
L1. The blooms were centered at 11°15/N, 108°35'E with a ca. 100 km filament extending 
northeast to the shelf break and the interior of the ocean.
In situ observations
Physical and hydrographic data
Wind speeds averaged 5.85 ± 0.82 m s 1 in July 2009 and 1.85 ± 0.94 m s 1 in August
2010 during one week period prior to the sampling dates, suggesting that the wind-driven
upwelling and/or vertical mixing might be much weaker in 2010. Substantial between-year
variations in water temperature, salinity and density were also noted (Figs. 1.7a-c, 1.8a-c,
1.9a-c). Although the two transects of stations (transect I: Sta. 13-16; transect II: Sta. 9-12)
occupied in 2009 displayed tremendous similarity in physical properties both vertically and
horizontally, transect I sampled in 2010, compared to that visited in 2009, was
characterized by distinctively higher water temperatures and stronger stratification
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throughout the water column. In August 2010, a pattern was observed between water 
density and salinity, in that values of both variables increased markedly downward in the 
surface layer, indicating that the density gradient was primarily driven by salinity difference 
between surface water and water at greater depths.
Nutrient stoichiometry
Concentrations of dissolved nutrients were relatively low in July 2009 at investigated 
stations, with mean values of 4.64 and 3.58 pM for nitrate (N03), 1.14 and 1.11 pM for 
ammonium (NH4), 0.51 and 0.44 pM for phosphate (P04), and 12.0 and 12.2 pM for silicic 
acid (Si(OH)4) for transect I and II occupied in 2009, respectively (Table 1.2; nutrient data 
were not available in 2010). No significant difference was detected in nutrient 
concentrations between the two transects (ANOVA, p>0.1 for all four nutrients). Samples 
collected from the surface waters showed elevated concentrations of silicic acid but 
reduced values of N03, NH4 and P04 relative to the near-bottom layers (Figs. 1.7g-j, 1.8g-j).
Phytoplankton biomass and taxonomy
Difference in pigment fluorescence was detected between July 2009 and August 2010 
(Figs. 1.7d, 1.8d, 1.9d). Phytoplankton biomass was elevated in 2009, suggested by strong 
signal of fluorescence throughout the water column. Values decreased from inshore to 
offshore stations. A fluorescence maximum layer was centered between 5-8 m. Compared 
to 2009, fluorescence values were a full order of magnitude lower in 2010, which may 
represent a transitional period between the end of a diatom bloom and the initiation of a P. 
globosa bloom. Elevated values of fluorescence were detected in the benthic water at the
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inshore station despite a low average throughout the water column, likely attributed to the 
signal of resuspended sediments.
Chlorophyll and particulate organic carbon (POC) concentrations measured from 
bottle samples exhibited a similar distribution with that of fluorescence (Figs. 1.7e, f, 1.8e, f,
I.9e, f; Table 1.2). Significantly elevated concentrations of chlorophyll, with values up to 
16.1 pg L \  and POC, with values up to 125 pM, were observed in both transects occupied 
in 2009, whereas samples collected in 2010 were characterized by lower phytoplankton 
biomass as suggested by reduced chlorophyll (< 2 pg L'1) and POC concentrations (< 55 pM). 
Despite the sub-surface fluorescence maximum, pigment and POC concentrations showed a 
relatively even distribution, with a slight and steady decrease from surface to bottom, and 
from inshore to offshore stations. However, the correlation between chlorophyll and POC 
did not hold in all regions. In July 2009, for example, a region of elevated POC 
concentrations (125 pM) but low chlorophyll (2.75 pg L'1) was observed at 6 m at the 
offshore station on transect I (Figs. 1.7e, f).
Diatoms overwhelmingly dominated the phytoplankton assemblage in July 2009 
(Table 1.3). Relative cell abundance of diatoms averaged 97% and 96.7% on transects I and
II, respectively. Dinoflagelates, Dictyochophyceae and Cyanobacteria were also detected as 
minor groups. No taxonomic data were recorded in August 2010.
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DISCUSSION
Previous investigations suggested that climatic and hydrological variations of the
South China Sea are primarily controlled by the East Asian monsoon which lasts from May
to September (Liu et al., 2002; Xie et al., 2003; Bayler and Liu, 2008; Wang et al., 2009).
During the summer monsoon the upwelling of the deep water brings the nutrients closer to
the surface. Gong et al. (1992) demonstrated that the nutricline in the South China Sea
could be uplifted by as much as 100 m in comparison with that in the western Philippine
Sea. A three-dimensional numerical model with coupled physics and biogeochemistry
developed by Liu et al. (2002) produced patches of high chlorophyll in upwelling regions off
the coast of Vietnam in summer. Analyses of satellite data were in reasonable agreement
with these results. Pigment concentrations derived from SeaWiFS and MODIS images and
binned over the studied region displayed a strong peak in summer, with monthly means of
1.82 and 2.53 pg L'1 in July and August, and a secondary peak during wintertime, with
average values of 1.59 and 1.12 pg L1 in December and January. MODIS SST depicted
cooler waters extending from shoreline to the continental shelf break in summer, which
were temporally and spatially coincident with the elevated values of chlorophyll, and may
be a direct product of coastal upwelling driven by the interplays between southwest
monsoon and the topography. Despite the limited empirical data, it is also possible that the
coastal upwelling is a residual effect of the upwelling occurred at the continental shelf
break. Northeastward alongshore current over the shelf may contribute to a shelf break
upwelling due to the Sverdrup balance (Hsueh and Ou, 1975; Rossi et al., 2010). The
resultant onshore transport in the bottom Ekman layer then causes upward motion, and
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allows for an appearance of coastal upwelling in the presence of upwelling at the shelf 
break. In winter, strong northeast monsoons drive local and remote internal tides which 
enhance mixing and provide supply of nutrient which supports phytoplankton growth.
Our shipboard observations provided snapshots of the monsoon-driven events and 
additional information on processes that control the nutrient stoichiometry and 
phytoplankton blooms in summer. Differences were detected in water column 
temperatures, salinities, nutrient concentrations, and pigment concentrations between July
2009 and August 2010. Well-mixed water columns were observed in July 2009 at stations 
within 15 km offshore, as indicated by evenly distributed temperature, salinity and density. 
Strong winds were recorded during this period, with speeds averaged ca. 6 m s'1, which 
may explain the strong coastal upwelling and/or vertical mixing. A weak pycnocline was 
detected at ca. 8 m at the station furthest offshore, which was consistent with the depths 
of halocline and thermocline. In contrast, water column was strongly stratified in August
2010 with one pycnocline developed at ca. 2 m, which was tightly correlated with the
halocline, and the other at 9-10 m, likely produced by a combination of both salinity and
temperature gradients. Precipitation and/or riverine inputs are important factors that
trigger water column stratification in an estuarine or coastal system, which might account
for the halocline developed in the surface waters. The reduced upwelling and/or vertical
mixing due to relatively weak winds (< 2 m s'1) may also contribute to the stratification in
August 2010. Substantially lower chlorophyll and POC concentrations were recorded during
this period, which may be a result of nutrient limitation in the stratified surface waters.
Freshwater introduced by precipitation and/or riverine fluxes may inhibit deep water from
upwelling to the surface by generating strong pycnocline, but may also enhance nutrient
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inputs into the coastal waters; unfortunately, no nutrient data were available in August 
2010 to provide further information with respect to the freshwater controls on 
phytoplankton biomass and assemblage composition.
It has been hypothesized that changes in phytoplankton assemblage composition are 
associated with nutrient regimes during the bloom season in Vietnamese waters. 
Specifically, abundant nutrient supplies, especially N03, benefit the growth of diatoms in 
the early stage of the bloom, whereas the reduction in N03:NH4 ratio, as a result of diatom 
utilization of N03, provides P. globosa a competitive advantage over diatoms and may 
initiate a P. globosa-dominated bloom instead (Doan et al., 2010). Our data collected in 
July 2009 provided support for this hypothesis (Figs. 1.10,1.11). N03 reduction was 
positively correlated with chlorophyll concentrations (which were primarily attributed to 
diatom biomass in July 2009), with a slope of 0.26-0.28 (Fig. 1.10a, R2=0.60, p<0.0001;
Fig.1.10c, R2=0.78, p=0.04; approximately, an increase of 3.8 pg L1 in chlorophyll 
concentration was generated from a decrease of 1 pM in N03). Conversely, differences in 
NH4 concentrations were not significantly correlated with chlorophyll (Figs. 1.10b, d). 
Dissolved organic nitrogen (DON) was likely released into the water by phytoplankton via 
extracellular excretion, or by grazers during egestion and excretion; a substantial amount of 
NH4 was then generated from bacterial degradation of DON, and given its vertical 
distributions, appeared to be largely benthic in origin (Figs. 1.7h, 1.8h). A negative 
relationship was observed between chlorophyll and N03:NH4 ratio (n=18, R2=0.64, 
p<0.0001), although the latter may not be a direct result of diatom utilization of N03, but 
was also modified by NH4 regeneration and the temporal pattern of the bloom. Shipboard
observations did not detect P. globosa cells in July 2009; however, high densities of P.
17
globosa colonies were recorded along the south central coast of Vietnam in mid-August of 
the same year (Doan and Nguyen, personal communication), which may be favored by 
lower N03:NH4 ratio resulting from diatom utilization in the earlier season.
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SUMMARY
1. Off south central Vietnam, correlations were observed between wind-driven 
upwelling and/or tidal mixing and elevated pigment concentrations during monsoon 
seasons over the last decade.
2. Interannual variations were substantial in both physical and biological properties in 
coastal waters of south central Vietnam. Specifically, lower water temperature, 
weaker stratification, stronger southwest wind, and higher phytoplankton biomass 
were observed in July 2009, whereas August 2010 was characterized by higher water 
temperature, stronger stratification, weaker wind, and lower phytoplankton biomass.
3. Reduction in N03 resulted primarily from the growth of diatom, whereas NH4 was 
considered to be largely from benthic regeneration. Nitrogen partitioning, such as 
ratio of N03:NH4, may be significantly modified by benthic microbial activities and the 
temporal development of the phytoplankton bloom.
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Table 1.1. The years and dates of the field investigations, and the location and depth of 
each station.
Station No. GMT date Latitude Longitude Depth
(ddmmyy) (°N) (°E) (m)
2009
13 250709 10.86 108.08 13
14 250709 10.82 108.11 16
15 250709 10.78 108.15 20
16 250709 10.74 108.19 23
09 260709 10.98 108.38 15
10 260709 10.95 108.41 20
11 260709 10.91 108.45 23
12 260709 10.87 108.48 25
2010
13 200810 10.86 108.08 13
14 200810 10.82 108.11 16
15 200810 10.78 108.15 20
16 200810 10.74 108.19 23
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Table 1.2. Means and standard deviations of dissolved nutrients, particulate organic matter, 
and chlorophyll concentrations measured in July 2009 and August 2010. NA represents 
unavailable data.
Station Z n o 3 n h 4
OQ. Si(OH)4 Chlorophyll POC
No. (m) (HM) (pM) (pM) (HM) (UgL1) (HM)
2009
13 1 2.64 0.86 0.40 12.4 14.8 78.1
13 11.9 2.43 2.14 0.55 11.1 12.6 107
14 1 4.43 1.21 0.45 12.8 13.9 69.3
14 14.6 2.21 1.36 0.49 12.1 11.9 55.3
15 1 6.21 1.29 0.46 13.5 8.12 73.7
15 5 5.64 0.79 0.41 12.4 8.02 45.9
15 18 6.93 0.93 0.55 11.0 2.98 50.8
16 1 4.86 0.57 0.39 12.8 2.73 47.2
16 6 4.29 0.71 0.40 12.0 2.75 125
16 24 6.79 1.50 0.97 9.86 2.10 30.0
Mean 4.64 1.14 0.51 12.0 7.99 68.2
Standard error 1.77 0.47 0.17 1.07 5.09 29.3
09 1 3.29 1.71 0.55 16.9 13.6 72.9
09 14.5 2.93 1.78 0.48 11.0 16.1 60.8
10 1 2.86 0.64 0.40 13.1 11.5 69.9
10 5 2.50 0.71 0.39 11.8 13.9 56.0
10 19.5 2.36 1.29 0.55 8.54 19.3 83.8
11 1 5.50 0.86 0.41 14.8 7.67 69.5
11 12 4.71 1.07 0.43 13.2 7.71 72.1
11 23 5.93 0.79 0.49 11.4 6.29 61.1
12 1 2.21 NA 0.31 11.8 11.8 46.5
12 10 2.64 NA 0.33 11.2 10.6 52.6
12 24 4.50 NA 0.46 10.2 10.1 76.2
Mean 3.58 1.11 0.44 12.2 11.7 65.6
Standard error 1.33 0.45 0.08 2.67 3.88 11.1
2010
13 1 NA NA NA NA 0.72 23.8
13 10 NA NA NA NA 1.93 54.9
14 1 NA NA NA NA 0.42 44.9
14 14 NA NA NA NA 1.92 39.7
15 1 NA NA NA NA 0.77 10.9
15 9 NA NA NA NA 1.79 28.4
15 18 NA NA NA NA 0.77 18.5
16 1 NA NA NA NA 0.38 15.1
16 8 NA NA NA NA 0.13 11.4
16 21 NA NA NA NA 0.44 14.5
Mean NA NA NA NA 0.90 26.2
Standard error NA NA NA NA 0.69 15.4
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Table 1.3. Means and standard deviations of phytoplankton taxonomic data and cell 
abundance measured in July 2009.
Station
No.
Z
(m)
Dictyochophyceae 
(cells L'1)
diatoms 
(cells L1)
dinoflagelates 
(cells L'1)
Cyanobacteria 
(cells L1)
Total 
(cells L'1)
diatom
%
2009
13 1 0.02 71.8 0.44 0.00 72.3 99.4%
13 11.9 0.45 60.0 0.45 0.00 60.9 98.5%
14 1 0.60 20.6 0.64 0.00 21.8 94.3%
14 14.6 0.30 26.7 0.68 0.00 27.6 96.4%
15 1 0.02 20.4 0.86 0.02 21.3 95.8%
15 5 0.30 25.5 1.63 0.15 27.6 92.5%
15 18 0.45 21.4 1.41 0.00 23.0 91.9%
16 1 0.00 12.9 0.18 0.00 13.0 98.6%
16 6 0.05 24.9 0.20 0.00 25.2 99.4%
16 24 0.00 9.23 0.17 0.00 9.40 98.2%
Mean 0.27 29.3 0.67 0.09 30.2 97.0%
Standard error 0.22 20.2 0.51 0.09 20.2
09 1 0.09 117.7 0.53 0.00 224 99.5%
09 14.5 0.02 82.2 0.39 0.00 110 99.5%
10 1 0.45 192.5 31.4 0.00 97.2 85.8%
10 5 0.15 109.6 0.59 0.05 41.4 99.3%
10 19.5 0.45 95.9 0.77 0.05 32.8 98.7%
11 1 0.02 41.1 0.24 0.60 33.9 99.3%
11 12 0.03 32.3 0.47 0.00 104 98.6%
11 23 0.00 33.1 0.23 0.45 354 97.6%
12 1 0.15 103.9 0.39 0.00 84.3 99.5%
12 10 0.00 353.5 0.05 0.00 118 99.9%
12 24 0.00 84.1 0.21 0.00 82.6 99.8%
Mean
Standard error
0.17
0.18
113.3
91.9
3.21
9.35
0.29
0.28
116.7
95.0
96.7%
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Figure 1.1. Bathymetric map of the southern South China Sea and the study area off the 
coast of Vietnam. The shaded rectangular area in red represents 10.4-11.4°N, 107.6- 
109.2°E, from which region MODIS and SeaWiFS monthly averaged SST and chlorophyll 
concentrations were extracted and binned.
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Figure 1.2. Map of stations occupied during shipboard investigations in 2009 and 2010, 
from which region MODIS and SeaWiFS monthly averaged SST and chlorophyll 
concentrations were extracted and binned. Transect I was sampled on July 25, 2009 and 
August 21, 2010; transect II was sampled on July 26, 2009.
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Figure 1.3. Climatologies of monthly averaged QuikSCAT/NCEP wind speed (upper panel, 
blue filled circles) and direction (lower panel, green filled circles) binned from 10.4-11.4°N, 
107.6-109.2°E for 2003-09. Bars represent standard errors of the means.
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Figure 1.4. Climatologies of monthly averaged a) MODIS estimates of sea surface 
temperature (°C), b) MODIS estimates of surface chlorophyll (pg L1), and c) SeaWiFS 
estimates of surface chlorophyll (pg L'1) binned from 10.4-11.4°N/ 107.6-109.2°E for 2003- 
10. Bars represent standard errors of the means.
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Figure 1.5. Monthly averaged sea surface temperature off the south central coast of 
Vietnam derived from MODIS satellite estimates for 2003-10.
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Figure 1.6. Monthly averaged chlorophyll concentrations off the south central coast of 
Vietnam derived from MODIS satellite estimates for 2003-10.
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Figure 1.7. Sections of discrete a) temperature, b) salinity, c) density, d) fluorescence, e) 
chlorophyll concentration, f) POC concentration, g) nitrate concentration, h) ammonium 
concentration, i) phosphate concentration, and j) silicic acid concentration along transect I 
(perpendicular to the continental shelf) sampled in July 2009.
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Figure 1.7 (cont'd). Sections of discrete a) temperature, b) salinity, c) density, d) 
fluorescence, e) chlorophyll concentration, f) POC concentration, g) nitrate concentration, h) 
ammonium concentration, i) phosphate concentration, and j) silicic acid concentration 
along transect I (perpendicular to the continental shelf) sampled in July 2009.
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Figure 1.8. Sections of discrete a) temperature, b) salinity, c) density, d) fluorescence, e) 
chlorophyll concentration, f) POC concentration, g) nitrate concentration, h) ammonium 
concentration, i) phosphate concentration, and j) silicic acid concentration along transect II 
(perpendicular to the continental shelf) sampled in July 2009.
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Figure 1.8 (cont'd). Sections of discrete a) temperature, b) salinity, c) density, d) 
fluorescence, e) chlorophyll concentration, f) POC concentration, g) nitrate concentration, h) 
ammonium concentration, i) phosphate concentration, and j) silicic acid concentration 
along transect II (perpendicular to the continental shelf) sampled in July 2009.
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Figure 1.9. Sections of discrete a) temperature, b) salinity, c) density, d) fluorescence, e) 
chlorophyll concentration, and f) POC concentration along transect I (perpendicular to the 
continental shelf) sampled in August 2010.
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Figure 1.10. Relationships between nitrate reduction and chlorophyll concentration as 
represented by a) all available individual samples (the red line represents a linear 
regression: Y =  0 .26X  + 0.25 , n=21, R2=0.60, p<0.0001) and c) data binned over water 
column for each station (the red line represents a linear regression: Y = 0.2SX  + 0.04, n=8, 
R2=0.78, p=0.004), and relationships between ammonium reduction and chlorophyll 
concentration as represented by b) all available individual samples (no significant 
correlation; n=21, R2=0.05) and d) data binned over water column for each station (no 
significant correlation; n=8, R2=0.11). Filled and open circles stand for data collected on 
transect I and II, respectively. Nitrate and ammonium reductions were calculated by 
subtracting each measured concentration from the "deep-sea values" represented by the 
maximum nitrate (Sta. 15, at 18 m) and ammonium (Sta. 13, at 12 m) concentrations 
measured in July 2009, during which period diatoms dominated the phytoplankton 
assemblage off the south central coast of Vietnam.
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Figure 1.11. Relationships between N03:NH4 and chlorophyll concentration as represented 
by a) all available individual samples (the red line represents a linear regression:
Y = -0 .4 4 X  +  9.66, n=21, R2=0.64, p<0.0001) and b) data binned over water column for 
each station (the red line represents a linear regression: Y =  -0 A 6 X  + 9.40, n=7, R2=0.82, 
p=0.005) sampled in July 2009, during which period diatoms dominated the phytoplankton 
assemblage off the south central coast of Vietnam. Filled and open circles stand for data 
collected on transect I and II, respectively.
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CHAPTER II. EXPERIMENTAL INVESTIGATIONS ON PHAEOCYSTIS 
GLOBOSA COLONIES: CHARACTERISTICS OF THE VIETNAMESE STRAIN*
* This work could have not been completed without Dr. Walker Smith and Dr. Kam Tang's 
collaborative efforts on microscopic observations and colony sinking rate determination.
ABSTRACT
A remarkable characteristic of the Phaeocystis globosa (Prymnesiophyceae) observed in 
coastal Vietnamese waters is that this strain forms colonies of exceptionally large size, at 
least a full order of magnitude greater in diameter than most Phaeocystis colonies observed 
elsewhere. Theoretical considerations on phytoplankton cell size with respect to diffusive 
nutrient uptake and vertical sinking (associated with light harvesting) have suggested 
severe limitations, which make it extremely interesting and important to understand the 
causes and consequences of giantism in these colonies via direct experimental 
investigations. Giant Phaeocystis colonies exhibited extraordinarily high sinking rates (ca. 
209 m d'1) in non-turbulent environment, which may explain the phenomenon that giant 
colonies were only observed in the coastal surf zone of the Vietnamese waters. As a colony 
grows larger, particulate organic carbon per unit area of colony mucous envelope 
decreased asymptotically, indicating a simultaneous decrease in mucous thickness and 
colony integrity. Substantially elevated DOC concentrations were detected in the interiors 
of the giant colonies. Diffusion coefficients of ions within the mucous envelope were of the 
same order of magnitude as that in cytoplasmic materials. Multiple adaptive mechanisms 
may be adopted by giant Phaeocystis colonies in order to overcome problems generated by 
their unique sizes.
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INTRODUCTION
Phytoplankton are a polyphyletic group of unicellular primary producers that are 
ubiquitous in aquatic ecosystems. The range in size is large and spanning more than four 
orders of magnitude in linear dimensions (from 0.6 to >1000 pm equivalent spherical 
diameter; Sheldon et al., 1972; Falkowski et al., 2004). This range in size carries important 
biological consequences to these microscopic organisms by defining not only the metabolic 
activities, growth rates, numerical abundance, but also their relative contributions to 
biogeochemical cycles via size-dependent sinking, as well as their effects on community 
structure via size-dependent interspecific interactions (Porter and Porter, 1977; Peters and 
Wassenberg, 1983; Reynolds and Geddes, 1984; Chisholm, 1992; Belgrano et al., 2002;
Fuchs and Franks, 2010). The size of phytoplankton is considered to be constrained mainly 
by diffusive nutrient uptake, light harvesting, and sinking (Jackson and Lochmann, 1992; 
Karp-Boss and Jumars, 1998; Karp-Boss et al., 2000). Small phytoplankton cells appear to 
have advantages over larger cells, because the thin diffusive boundary layers associated 
with fast nutrient uptake and small sinking velocity may allow small cells to utilize resources 
more efficiently (Raven, 1994). Motile cells may ease the sinking and nutrient constrains by 
migrating and reducing the diffusive boundary layer around the cells (Sommer, 1988), 
which may explain the phenomenon that small and/or motile phytoplankton cells are often 
prevalent in oligotrophic waters, whereas eutrophic waters, where nutrient limitation is 
less important, are primarily dominated by large cells such as diatoms and dinoflagellates. 
Many phytoplankton species with large cell size may be capable of overcoming the sinking
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problem by reducing their internal density to generate positive or neutral buoyancy, or by 
modifying their shapes to increase the drag coefficient in the water (i.e., growing spines, 
forming chains; Smayda and Boleyn, 1966; Waite et al., 1992).
The haptophyte genus Phaeocystis (Prymnesiophyceae) is another group possessing 
the ability to form colonies. It is one of the most widespread marine haptophytes, with a 
polymorphic life cycle alternating between free-living solitary cells (ca. 3-9 pm in size) and 
colonies (20 pm to a few mm; Rousseau et al., 1994; Chen et al., 2002; Schoemann et al., 
2005), in which thousands of cells are embedded within a gelatinous mucous envelope 
and protected behind an elastic community membrane (Verity et al., 2007). The interior 
of a Phaeocystis colony is acellular and filled with fluid; the mucous envelope thus may 
effectively separate the internal fluid environment from the ambient waters. It has been 
suggested that the characteristics of the colony stage permit Phaeocystis to out-compete 
other phytoplankton species. The tough mucous envelope, as well as the peculiar 
physiology and biochemistry of the Phaeocystis colonies, may confer protection and make 
them unpalatable to mesozooplankton and refractory to microbial degradation, and 
perhaps viruses as well (Lancelot and Rousseau, 1994; Lancelot et al., 1995; Tang 2003; 
Verity et al., 2007), especially in nutrient-replete environments (Davidson and Marchant, 
1992; Peperzak, 1993). Three out of six species {P. pouchetii, P. antarctica, P. globosa) 
from this genus have been reported to form blooms with colonies. At sufficiently high 
concentrations, colony blooms have been associated with a variety of ecosystem changes 
and negative effects on fisheries and fish farming, such that outbreaks of Phaeocystis 
colonies are considered to be harmful algal blooms (Schoemann et al., 2005; Anderson et
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al., 2005; Veldhuis and Wassmann, 2005). Phaeocystis is also a prodigious producer of 
dimethylsulfoniopropionate (DMSP), acrylic acid, and the volatile dimethylsulfide (DMS), 
the latter being a potential precursor for atmospheric particles and cloud condensation 
nuclei (Stefels, 2000; Verity and Medlin, 2003) and, therefore may affect the climate on a 
global scale.
Rousseau et al. (2007) provided evidence for a haploid-diploid life cycle in 
Phaeocystis globosa, one of the colony formers from this genus. It has been suggested 
that the initiation and termination of P. globosa blooms involve sexual processes, with the 
length of diploid phase being restricted to the colony blooms; the formation of a diploid 
non-motile colonial cell from haploid flagellates implies that syngamy must occur at the 
beginning of the colony bloom. However, the ecological relevance of alternating haploid 
and diploid stage is not apparent based on the existing studies.
P. globosa was reported to form colonies mostly at higher and temperate latitudes. 
The reported optimal temperature range for the North Sea P. globosa is 16-20°C 
(Schoemann et al., 2005; Wang et al., 2010a), although the colony development does 
occur in culture at a variety of temperatures (i.e. Guillard and Hllebust, 1971; Wang et al., 
2010a). Recently, blooms of P. globosa have been recorded in subtropical (Lu and Huang, 
1999) and tropical waters (Doan et al., 2003). Large P. globosa colonies were observed off 
the coasts of southeast China (Qi et al., 2004), Thailand, Pakistan, Myanmar, and Vietnam 
(Tang et al., 2004; Doan et al., 2008). The economic damages due to these blooms were 
non-trivial. For example, the P. globosa bloom occurring off the coast of Guangdong, 
China in 1997 covered an area of 3,000 km2, lasted for 6 months, and resulted in extensive
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fish kills in coastal aquaculture cages (Smith and Tang, personal communication). In July 
2002, ca. 90% of aquatic species in tidal reefs were destroyed in Phan Ri Bay, Vietnam 
which was directly attributed to the appearance of dense P. globosa colonies, causing a 
loss of over 10 billion Vietnamese dong (ca. $650,000 US; Doan et al., 2008).
One of the unique characteristics of P. globosa observed in Southeast Asia is that 
the colonies are exceptionally large, with size up to 3 cm in diameter (Chen et al., 2002).
A major advantage of growing large is that it creates a size-mismatch problem for small 
grazers (i.e., micro- and meso-zooplankton), which are responsible for a majority of the 
grazing activities in the pelagic environments (Lancelot et al., 1995; Tang 2003). 
Experimental evidence has been provided that the presence of grazers induced a 
significant size increase in P. globosa colonies -  up to 3-fold larger than that in the control 
(Jakobsen and Tang, 2002). Tang (2003) suggested that physical contact with grazers is 
not required to initiate the defensive response (size increase) in P. globosa colonies; 
instead, the increase in colony size could be stimulated by dissolved chemicals generated 
by ambient grazing activities.
Nutrient limitation can severely constrain cell size. Diffusion-limited nutrient supply 
( Q) delivered to a phytoplankton cell scales with its radius (Fick's Law, modified by Berg 
1993):
Q = —AnDaC^ (2.1)
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where a is the radius of the cell, D  is the diffusion coefficient of the solute, and is 
the solute concentration far away from the spherical absorber (ambient concentration); 
hence, the specific nutrient uptake varies inversely with the second power of cell radius:
Q _ J D C ,
3 a"Q '= 4 * - = — ^  < 2 - 2 >— na  
3
Therefore, in any environment there is a maximum possible cell size above which nutrient 
acquisition is insufficient to support significant growth. When the maximum cell size is 
reached, the cells can continue mass deposition only by dividing. One argument is that 
the modified Fick's Law applies for single-celled spherical organisms, but not for a 
Phaeocystis colony which has cells organized only on the surface of a sphere. Ki0rboe 
(2008) suggested that limitation of diffusive nutrient uptake may be partly circumvented 
by organisms that inflate their sizes (i.e., by having a large vacuole with low 
concentrations of limiting elements; also termed "Winnie-the-Pooh" strategy; Thingstad 
et al., 2005). The internal environment of a P. globosa colony encompasses a large 
volume of cell-free fluid which is functionally similar to the way that organisms inflate 
their sizes. However, assuming that the total cell abundance in a colony scales with 
colonial radius squared (and also with surface area), diffusion-limited nutrient uptake 
scales with its radius and the nutrient transport per cell varies inversely with colony radius 
(Thingstad et al., 2005). Thus, from the perspective of nutrient acquisition, colony 
formation is apparently a disadvantage. A second argument is that advective transport 
generated by turbulence may partly compensate this disadvantage. It has been suggested
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that turbulence may increase the availability of nutrients or oxygen several-fold (Ploug et 
al., 1999; Kiprboe, 2008).
Stokes' Law predicts that the sinking velocity of a spherical object scales with the 
second order of its radius as long as the density difference between the object and the 
ambient water is constant. In algae, density tends to decline with increasing cell size, and 
the sinking velocity therefore increases with cell radius raised to a power of less than 2 
(Jackson 1989). However, the turbulent diffusion required to maintain a suspended 
population increases dramatically with cell size (Kiprboe, 2008). In addition to nutrient 
acquisition, the inflated size strategy also bears important consequences on the density 
and thus buoyancy of the organisms. Theoretically, the cellular materials and mucous 
matrix are denser than ambient seawater, and in that sense a colony which lacks motility 
is subject to sedimentation in the absence of strong turbulent advection. To maintain its 
position in the euphotic zone, a large P. globosa colony must incorporate low density 
materials. Positive buoyancies in P. globosa and P. pouchetii colonies have been 
suggested (Skreslet, 1988; Peperzak et al., 2003), with reported maximum ascendance 
rates ranging from 0.1 to as high as 24 m d 1. It has also been suggested that a P. globosa 
colony can regulate its buoyancy by manipulating the ionic composition in the 
intracolonial fluid (Skreslet, 1988), increasing cellular lipid during active growth, or by 
entrapment of gas (Peperzak et al., 2003). A large investment of energy, such as solar 
irradiance, may be required for colonies to maintain positive or neutral buoyancy in non- 
turbulent waters (Davidson and Marchant, 1997; Wang and Tang, 2010).
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Previous investigations have examined the environmental regulation of growth and 
physiology of P. globosa. It has been demonstrated that temperature (Lancelot et al., 
1987b; Wang et al., 2010a), irradiance intensity (Lancelot et al., 1987b), macronutrient 
stoichiometry (Lancelot et al., 1987a; Verity et al., 1988; Veldhuis et al., 1991), and C02 
level (Wang et al., 2010b) all play an independent role in P. globosa colony formation and 
colony size distribution; however, the strains studied in those investigations do not reach 
the sizes observed in the coastal waters of Southeast Asia (i.e., China and Vietnam). 
Phylogenetic evidence was provided (Chen et al., 2002) that the P. globosa strain blooming 
in the waters off the southeast coast of China are most likely originated from endemic 
warm water, rather than a foreign source. Therefore, it is possible that the giant colony 
formation is a unique characteristic of a Southeast Asian strain of P. globosa; however, the 
mechanisms of the colony formation by this strain remain uncertain.
To better understand the unique nature of P. globosa growth and survival, this study 
conducted a series of experimental investigations on giant P. globosa colonies with respect 
to 1) sinking velocity, 2) colonial structure and cell distribution, 3) carbon allocation, and 4) 
permeability of mucous envelope. The adaptive mechanisms adopted by giant colonies to 
overcome problems generated by their unique sizes were also investigated in this study.
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HYPOTHESES
Hypotheses to be addressed in this chapter include:
HI: Colony sinking rates are modest and are controlled by modifications of the 
interior ionic composition within the colony; the capability of density and buoyancy 
control in giant P. globosa colonies is negatively correlated with the permeability of 
colony mucous envelope.
H2: As a colony grows larger, the cell abundance and particulate organic carbon per 
unit area of colony surface decrease asymptotically; the lower limit of either relationship 
determines the maximum colony size possible.
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MATERIALS AND METHODS
Colony collection
The emergence of giant P. globosa colonies were monitored in July 2009 and August 
2010 at locations where P. globosa blooms have occurred with increasing frequency.
Once observed, colonies were collected very gently with small containers in the coastal 
surf zone, placed in ambient seawater at ambient temperature, and maintained in a 
shaded area. Colony samples were replaced by newly collected ones ca. every 3 hours.
Colony size and sinking velocity
Colonies with a wide size range were selected and transferred to a small petri-dish 
filled with filtered seawater, and allowed to settle to the bottom (but to keep a spherical 
shape). A plastic ruler was placed under the petri-dish to measure the diameters of 
individual colonies. A 2-L graduated cylinder was filled with filtered seawater, covered, 
and maintained undisturbed at ambient temperature for at least 1 hour to eliminate 
convection. Individual colonies were then gently released from the top of the graduated 
cylinder, and the sinking velocity was calculated as the vertical distance traveled per unit 
time. Some turbulence was introduced by the addition of the colonies, but sinking rate 
determinations were initiated only after the turbulence appeared to dissipate.
Microscopy, chlorophyll and POC measurements
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Immediately after colony size measurement, petri-dishes (with individual colonies 
inside) were placed under a Nikon inverted microscope for quantification of colonial cell 
size and colonial cell abundance (Jackobsen and Tang, 2002). Total cell abundance was 
determined by multiplying cell abundance per unit area (cell density) and total surface area 
of a colony. After that, colonies were filtered under low vacuum through Whatman GF/F 
filters for measurements of either chlorophyll or particulate organic carbon (POC). 
Chlorophyll samples were placed in 90% acetone and extracted for at least 24 hours in cold 
and dark conditions. The extraction was then assessed fluorometrically on a Turner Designs 
TD-700. POC samples were analyzed via pyrolysis on a Costech ECS 4010 elemental 
analyzer. POC in the colony mucous envelope was estimated by subtracting the total 
cellular carbon (13.5 pg C cell'1, estimated from carbon measurements and microscopic 
observations, Rousseau et al., 1990) from the total POC in a colony.
Intracolonial DOC
Selected colonies were grouped by size (0.5-0.75 cm, 0.75-1.0 cm, 1.0-1.25 cm, 1.25- 
1.5 cm in diameter) after colony size measurement. The intracolonial fluid was extracted 
with syringes, transferred into 2 ml. vials, and mixed with that from colonies of a same size 
group to increase the sample volume up to 2 mL. Samples were then transferred to 15 mL 
HDPE bottles which were filled with 13 mL distilled water, and preserved by adding a few 
drops of 10% HCI to reduce the pH to 3. Ambient seawater and distilled water samples 
were collected for background calibrations. Dissolved organic carbon (DOC) samples were 
analyzed at the University of California-Santa Barbara on a custom-built high-temperature 
pyrolysis combustion analyzer (Carlson et al., 2000).
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Diffusion coefficients of ions within the mucous envelope of P. globosa 
colonies
Colonies of similar diameter (0.9-1.0 cm) were chosen for experimental 
measurements of diffusion coefficients of (sea salt) ions within the mucous envelope of P. 
globosa colonies. 750 mL ambient seawater was filtered through a 0.2 pm pore-size in-line 
filter and diluted with distilled water to 1 L. A salinity gradient was generated by placing 
individual colonies into a 24-well culture plate filled with 3 mL diluted seawater 
(extracolonial fluid) in each well. Colonies were removed from the salinity gradient at 
different time intervals (t=2.5, 5,10,15, 20, 30, 40, 60, 90 mins) by extracting the 
extracolonial fluid with a 5 mL pipette. Immediately after this, intracolonial fluid in each 
individual colony was extracted using a 1 mL syringe. Experiments were conducted in 
duplicate or triplicate. Filtered ambient seawater, extracolonial fluid, and intracolonial fluid 
were stored in small containers for later measurement of salinity using an Amprobe WT-30 
digital salinity meter. The mass balance of salt ions was examined by comparing the mass 
changes in intra- and extracolonial spaces (by multiplying the volume of intra- or 
extracolonial fluid with the corresponding salinity change for each investigated colony). 
Diffusion coefficients of ions ( D ) within the colony mucous envelope under the 
experimental conditions were approximately estimated by Fick's First Law:
dC Q r^dC Q dC
J  = —D --------> —=-y = ~ D ------- >------------- = —  (2.3)
dx 4 n r  dx AnDr dx
where J  is the net flux of ions (that is, the net number of ions passing per unit area of
colony surface and per unit time; mol m'2 s'1); Q is the flow of the salt ions (that is, the
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net number of ions transported across the mucous envelope per unit time; mol s’1); r  is 
the radius of a colony; dC  is the concentration gradient of ions within the mucous 
envelope, and dx is the thickness of the envelope, assuming that the diffusive boundary 
layer between envelope surface and bulk ambient environment is negligible. The minus 
sign indicates that the net transport is from the internal to the external environment. To 
integrate Eq. 2.3:
where Cin and Cout are the concentrations of ions at the internal and external surfaces of 
the mucous envelope, respectively. To use the Eq. 2.4 for a specific time internal t , the 
concentration gradient was derived by averaging the values at the beginning ( t0) and at 
time t , and Q was estimated by multiplying the bulk volume of the colony and the 
difference between concentrations of intracolonial ions at time t and t0 then being 
divided by t :
(2.5)
The subscripts o and t indicate the ion concentrations at t0 and t; C can be derived from 
the measured salinity ( S ; g L’1) and the estimated molar mass of sea salt ions ( msal; g 
mol’1):
0 4/r D r 0 4 n D r 47 iD r
= C - C  , (2.4)in out ' 7
   X
47rDr2 A nD r1 3Dt
rx
t
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C = —  (2.6)
m„sal
To replace C in Eq. 2.5, D  can be calculated for each colony sample:
^ ________ i^n.O ^in.t_______ ^  (2 7)
_  ^  Sin.0 ~  S Out.0  +  SinJ ~  S o u t .t  t
D  was then calculated as the mean of all the derived D  values.
Statistical analyses
Pearson's correlation coefficients were calculated to assess relationships among 
observed sinking rates, colonial cell abundance, intracolonial DOC, colonial cell and colony 
size, chlorophyll, and POC. Statistical tests were all performed using R (2.8.1).
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RESULTS
Colony morphology
The giant P. globosa colonies collected from the surf zone of south central Vietnam 
displayed visible variations in both size and color. Colony diameter ranged from very 
small (barely detected by naked eye) to 1.4 cm among ca. 200 colonies that were 
measured for size. The colors varied from bisque to brown, but were not directly 
correlated with colony size. Colonies maintained a spherical shape being surrounded by 
water, but appeared to flatten being removed from their environment. The outer skin of 
a colony was slimy, elastic and tough (Fig. 2.1). A thin mucilaginous layer (30-50 pm in 
thickness, estimated) was left when the intracolonial fluid leaked out from a broken 
colony.
Relationship between colony size and sinking velocity
Vertical sinking of giant P. globosa colonies was extremely fast under the 
experimental conditions (ambient seawater and temperature, reduced irradiance and 
non-turbulent environment), with an average velocity of 209 ± 113 m d'1 (Appendix 1). A 
moderate positive correlation was detected between sinking velocity and colony size (Fig. 
2.2; n=30, R2 = 0.364, p<0.001). Assuming a colony was sinking at a rate that can be 
approximated by Stokes' Law:
2 r 2 &
V = o ( P c - P s ) —  (2-8)9 n
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where v = sinking rate; p c -  density of a colony; p s = seawater density (1022 kg m'3, 
calculated from CTD data); p  -  dynamic viscosity (1.08 x 10'3 Pa S, derived for sea water at 
salinity 35 g kg-1, temperature 20°C and atmospheric pressure); g  = gravitational constant 
(9.8 m s'2); r  = equivalent spherical radius of a colony; p c can be then determined for a 
sinking colony by substituting the available values into variables. The average p c for the 
giant P. globosa colonies is 1022.06 ± 0.03 kg m'3, only slightly higher than the ambient 
seawater (1022 kg m'3) and much lower than the published empirical values (i.e., 1035- 
1047 kg m'3; Peperzak et al., 2003). It was surprising that a small density difference 
translates to an extremely high sinking rate. One of the possible reasons is that Stokes' Law 
may be not applicable to this situation, considering that the P. globosa colonies of "giant" 
sizes may generate turbulent flow in the graduated cylinder (while Stokes' Law applies to 
subjects sinking in a laminar flow); also, the sinking velocities of giant colonies might be 
reduced due to the turbulence introduced to the graduated cylinder, which then resulted in 
an underestimation in colony densities.
Relationships among colony size, colonial cell size, and cell abundance
Colonial cells ranged in size between 7.35 to 12.4 pm, with a mean value of 10.3 ± 
1.59 pm in diameter (Appendix 2). This value was greater in general than previously 
reported ones for P. globosa solitary cells (3-9 pm; Rousseau, 1994) and colonial cells (5.6- 
8.3 pm; Peperzak, 2000). However, no significant correlation was detected between colony 
size and colonial cell size (Fig. 2.3; n=19, R2=0.04), indicating that the elevated colonial cell 
size may be associated with a strain-specific characteristics rather than the growth of
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colony size. Different from the observations on the North Sea strain of P. globosa 
(Jakobsen and Tang, 2002), a weak positive correlation, instead of a negative one, was 
found between surface cell density and colony size for the Vietnamese strain (Fig. 2.4a; 
n=32, R2=0.26, p=0.003; Appendix 2). Total cell abundance in a colony was estimated by 
multiplying surface cell density and total surface area, assuming that the colonial cells are 
evenly distributed within the mucous envelope. A linear relationship was subsequently 
derived between log total colonial cell abundance and log colony diameter with a slope of 
2.44 (Fig. 2.4b; n=32, R2=0.91, p<0.001; Appendix 2), which was greater than previously 
observed values (i.e., slope=1.61, Jakobsen and Tang, 2002; slopes range from 1.51 to 1.57, 
Wang and Tang, 2010).
Colony chlorophyll and POC
Cellular chlorophyll scaled with colony size (Fig. 2.5a; n=13, R2=0.42, p=0.01;
Appendix 3); however, the positive regression was primarily driven by the 4 colonies with 
relatively small sizes but extremely low cellular chlorophyll (< 0.05 pg Chi cell1). Mean 
cellular chlorophyll in giant P. globosa colonies was 0.33 ± 0.21 pg Chi cell'1 and 0.45 ± 0.09 
pg Chi cell1, with the 4 potential "outliers" included and excluded, respectively (Appendix 
3). Both values were substantially lower than the cellular chlorophyll values reported for 
the North Sea strain of P. globosa (i.e., 2.97 pg Chi; Hansen and van Boekel, 1991). A similar 
positive regression was detected between chlorophyll per unit area of colony surface and 
colony size (n= Fig. 2.5b; n=13, R2=0.44, p=0.01; Appendix 3).
Particulate organic carbon (POC) per unit area of colony surface decreased with
colony size (Fig. 2.6a; n=17, R2=0.35, p=0.01; Appendix 4), although data collected from
57
the two smaller colonies appeared to dominate the negative relationship. It has been 
technically difficult to liberate colonial cells from the mucous envelope without sacrificing 
the colony integrity; hence, direct measurements of cellular carbon and mucous carbon in 
a P. globosa colony were not practical. Assuming that the mucous envelope accounts for 
a significant portion of total carbon in a giant P. globosa colony, and that the cellular 
carbon varies insignificantly within and among colonies, an empirical value of 13.5 pg C 
cell'1 (Rousseau et al., 1990) was used to estimate the total carbon in colonial cells, and 
the total mucous carbon was subsequently derived by the difference. Similarly, a weak 
negative relationship was found between POC per unit area of colony mucous and colony 
size (Fig. 2.6b; n=17, R2=0.38, p=0.008; Appendix 4), suggesting that the mucous envelope 
may become thinner as a colony grows larger. Additionally, the relative contributions of 
mucous carbon to total carbon in a colony ranged between 62.7 to 94.7%. It decreased 
with an increase in colony size, in that the cell density and thus total cellular carbon were 
both positively correlated with colony size (Appendix 4).
Environmental and intracolonial DOC
The averaged concentration of dissolved organic carbon (DOC) was 217 ± 52.8 pM in 
the ambient seawater collected from the surf zone, a value which was substantially 
enhanced relative to the deep open ocean values (ca. 45-65 pM; Aristegui et al., 2002; 
Ducklow et al., 2007). The elevated DOC concentrations in Vietnamese coastal waters may 
be a product of allochthonous inputs from rivers, or a result of extracellular release from 
photosynthetic algae which is now well established as a part of the primary production 
(Myklestad, 2000). DOC concentrations were extremely high in the intracolonial
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environment, with a mean value of 6.63 ± 0.95 mM, more than 30-fold higher in magnitude 
than that in the ambient environment (Appendix 5). The primary source of DOC was very 
likely from the actively growing colonial cells; considering the highly accumulated DOC in 
the interiors of the colonies, the inflow of DOC into the internal space due to extracellular 
excretion must be much faster than the diffusive outflow across the mucous envelope that 
results from the concentration gradient. There was a modest negative correlation between 
intracolonial DOC concentration and colony size (Fig. 2.7a; n=13; R2=0.42, p=0.016;
Appendix 5), suggesting that the permeability of the mucous envelope may increase as a 
colony grows bigger. Also, colonial cell density decreased with increasing colony size, which 
indicated that intra-cellular mucous space accounts for more of the colony surface in a 
bigger colony and, therefore, an increase in diffusion rate of ions with increasing colony size 
can be anticipated, assuming that diffusion occurs mostly through the intracellular mucous 
space. In addition to the diffusive outflow, microbial degradation is another possible sink of 
intracolonial DOC. Larger colonies are expected to be associated with poorer integrity, and 
thus may be less resistant to bacterial invasion. As expected, total DOC accumulated in the 
interior of a P. globosa colony (estimated by multiplying the volume of a colony and the 
intracolonial DOC concentration) was strongly correlated with colony size with a positive 
slope (Fig. 2.7b; n=13; R2=0.98, p<0.0001).
Diffusion experiment
Sea salt is composed of a variety of ions (i.e., sodium, chloride, magnesium, 
sulfate, and calcium), yet, in this experiment it was presumed that these ions diffuse 
across the colony mucous at a identical rate, and thus the diffusive coefficient reported
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here is an integrated value for all ions. P. globosa colonies did not exhibit an evident 
expansion in size being placed in 75% seawater, indicating that the mucous envelope was 
permeable to ions. Changes in salt mass in external seawater and intracolonial fluid were 
positively correlated (Fig. 2.8a; n=9, R2=0.74, p=0.003; Appendix 6), implying the 
measured salinity values were fairly robust. The salinity changes against diffusion time in 
both extracolonial and intracolonial environments started to display a flat slope at ca. 60 
min (Figs. 2.8b,c), which may suggest a time point when the salinity balance was reached; 
in that sense, the actual diffusion time was 60 min for colonies being removed after / = 60 
min. Estimated diffusion coefficients of ions within the mucous envelope were ca. 1.26 ±
0.62 x 10'7 cm2 s'1 for colonies with a diameter of 0.9-1.0 cm. It is assumed in the 
calculation that the mucous envelope around a giant P. globosa colony is of a constant 
thickness of 50 pm.
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DISCUSSION
Environmental and physiological regulations on P. globosa colony size
Effects of turbulence and solar energy on colony sinking
The development of small, single, free living cells into the large P. globosa colonies in 
the coastal Vietnamese waters would, according to Stokes' Law (Eq. 2.8), have disastrous 
effects on sinking rate. In a non-turbulent environment, a P. globosa colony must be 
capable of density and buoyancy control in order to circumvent fast sinking and maintain a 
position in the euphotic zone for photosynthesis. Positive buoyancies have been suggested 
for smaller P. globosa colonies both in the natural environment and in the culture 
(Peperzak et al., 2003; Wang and Tang, 2010), yet, the sizes of those colonies were not 
comparable to the ones observed in the Vietnamese waters. Previous studies on P. 
globosa culture suggested a density of 1091 ± 8 kg m'3 in P. globosa cellular materials under 
nutrient-replete conditions (Peperzak et al., 2003); assuming that the colony mucous 
envelope is of the same density and of a constant thickness of 50 pm, the maximum 
densities of intracolonial fluid can be estimated as a function of colony size (in order to 
generate neutral or positive buoyancy), with a mean value of 1019.12 ± 0.53 kg m‘3 (n=30, 
colony diameter 0.65-1.4 cm). The measured sinking rates of giant P. globosa colonies 
collected in Vietnamese waters were far greater than expected (> 200 m d’1), which would 
apparently result in a critical disadvantage for fast-sinking colonies with respect to light 
harvesting, considering that the depth of euphotic zone typically ranges from 1 m to 30 m
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in coastal waters (Martin and Hine, 2004). In the real world, however, a non-turbulent 
environment rarely exists. Vertical convection generated by natural turbulence may play 
an important role in modifying the vertical distribution of colonies in the water column, 
especially in coastal waters where tidal energy is strong enough to resuspend sinking 
colonies. This is in agreement with our finding that the abundance of giant colonies was 
substantial in the surf zone but reduced in the surface waters at offshore stations where 
water column was more stratified. Evidence has been provided that a dense bloom of P. 
globosa in southeast China was detected which covered a wide coastal area extending 
miles offshore (Qi et al., 2004); however, the size distribution and physiological features of 
the observed bloom are unclear.
Buoyancy regulation was not experimentally detected in giant P. globosa colonies.
It has been suggested that energy acquisition is a prerequisite for manipulation of ionic 
composition and thus of densities in the interiors of the colonies (Skreslet, 1988;
Peperzak, 1993). Although the colonies were collected during a day that was mostly 
cloudy with rain showers, estimated photosynthetically active radiation (PAR) during the 
day was likely over 600-800 pmol m'2 s'1, which may not, or at least not sufficiently, 
explain the reduced capability or loss of buoyancy regulation in the fast-sinking colonies, if 
there were. To investigate colony sinking as a function of environmental conditions, it is 
necessary to conduct further measurements on giant colonies which are, for example, 
acclimated to a range of elevated irradiances.
Effects of turbulence and mucous permeability on nutrient uptake
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Colony formation is a substantial disadvantage with respect to nutrient acquisition.
Although it has been argued that advective transport generated by turbulence may partly
compensate this disadvantage, the advantage of large size in terms of benefiting from an
advective contribution to the transport of molecules is small relative to the disadvantage
of large size in constraining the specific diffusive delivery of molecules (Karp-Boss et al.,
1996; Ki0rboe, 2008). Besides, large P. globosa colonies were often observed in Chinese
coastal waters, including areas of limited water movements, such as shallow embayments
and aquaculture cages (Smith and Tang, personal communication) where diffusive uptake
of nutrient may be a predominant regulatory factor on colony size. Although it has been
suggested that the mucous should not act as a significant barrier to chemical exchange
because the measured diffusion coefficient of oxygen in the mucous envelope was
identical to that of seawater (Ploug et al., 1999), estimated diffusion coefficients of ions
within the mucous envelope (1.26 x 10'7 cm2 s"1) is similar to ions (i.e. Ca2+, 0.84 x 10'7 cm2
s'1; Mg2+, 0.54 x 10'7 cm2 s'1; Chen et al., 2003) and low-molecular-weight proteins (2-3 x
10'7 cm2 s'1; Verkman, 2002) in cytoplasmic materials, orders of magnitude lower than
those in the seawater. Therefore, special physiological adaptations must have occurred in
the Vietnamese strain of P. globosa in order to overcome nutrient constraints and obtain
a large colony size. Significantly elevated DOC concentrations were detected in the
interiors of the colonies, which may suggest a low to modest permeability of colony
mucous across which diffusive flux of DOC outwards the colony is at a much lower rate
than that of cellular release of DOC towards the colony. If a similar approach applies to
nutrients, excess nutrients may be sequestered into the interiors of the colonies via
"active pumping" by fast-growing colonial cells when energy demand is fulfilled; these
63
nutrients may be stored and utilized during a period when nutrient supply is limited or 
active uptake is insufficient. However, this presumption remains speculative until 
empirical measurements of uptake rate and diffusion coefficient of nutrients in giant 
colonies are conducted.
Theoretical limitations on P. globosa colony size
Limitation of cell abundance and density
Microscopic observations on the North Sea strain of P. globosa showed a linear log- 
log relationship between colonial cell abundance and colony size (i.e., Jakobsen and Tang, 
2002; Wang and Tang, 2010a):
7  = 1 .6 1 ^ -0 .9 8  (2.9)
where Y is the logarithmic scale of total cell abundance in a colony, and X  is the 
logarithmic scale of colony diameter in pm. A slope < 2 implies that the cell density on the 
colony surface decreases as the colony size increases. Although there is not a finite lower 
limit of this logarithmic relationship which may determine the maximum colony size 
possible for the North Sea strain of P. globosa, a negative correlation can be extrapolated 
between cell density and colony size based on Eq. 2.9 (Fig. 2.9a). Assuming that the 
colonial cells are evenly distributed in a single layer within the mucous envelope and the 
diameter of a colonial cell is 7 pm, the total colony surface area taken by colonial cells ( Scc) 
can be derived by multiplying the total cell abundance with the cross-section area of a 
colonial cell; then, the ratio between Scc and the total colony surface (Sc ) can be calculated
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as a function of colony size (Fig. 2.9b). A similar approach can be applied to the Vietnamese 
strain of P. globosa. However, the linear log-log relationship between colonial cell 
abundance and colony size, in this case, displays a slope > 2, which means that the colonial 
cell density increases as a colony grows larger:
7  = 2.44X + 0.11 (2.10)
where Y is the logarithmic scale of total cell abundance in a colony (x 106), and X  is the 
logarithmic scale of colony diameter in cm. Similarly, the relationships among cell density, 
Scc / Sc ratio, and colony size can be investigated for the Vietnamese P. globosa (Figs. 2.9c, 
d). A value of 10.25 pm was taken as the diameter of a colonial cell in the calculations.
Theoretically, Scc/ Sc ratio is impossible to exceed 1, in which case the colonial 
cells cannot be fit in a single layer within the mucous envelope. Therefore,
Sa /Sc < 1 (2 .11)
Based on Eq. 2.11, the maximum colony sizes possible for the Vietnamese strain of P. 
globosa is 9.77 cm. This predicted value is much higher than the maximum colony size 
observed.
Limitation of mucous carbon
Results of POC determinations indicated that the amount of carbon per unit area of
colony surface and of mucous envelope decreased with colony size, so one would expect
a decrease in the thickness of mucous envelope as a colony grows in size. A negative
correlation was detected relating mucous carbon per unit surface and colony size:
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Y = - 43 .3X  + 55.0 (2.12)
The lower limit of this relationship ( X  = 1.3) may determine that the maximum colony 
size possible is approximately 1.3 cm in diameter for the Vietnamese strain of P. globosa, 
similar to the colny size observed (up to 1.4 cm). A decrease in the thickness may also 
result in a decrease in colony integrity and mucous permeability to material fluxes, and 
possibly in susceptibility to microbial degradation and grazing. However, the theoretical 
limitations on colony size are likely attributed to a variety of factors; therefore, the 
optimal and maximum colony sizes of giant colonies remain poorly elucidated.
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SUMMARY
1. The diameter of P. globosa colonies in the coastal waters of south central Vietnam 
ranges from very small (barely detected by naked eye) to 1.4 cm. Colonies are 
protected by a thin but tough mucilaginous skin.
2. Massive giant P. globosa colonies were observed only in the coastal surf zone, which 
exhibited extraordinarily high sinking rates in non-turbulent waters.
3. Particulate organic carbon per unit area of colony surface decreases as a P. globosa 
colony grows larger, which may result in a decrease in colony toughness and 
integrity, and thus constrain the maximum colony size possible.
4. Substantially elevated DOC concentrations were detected in the interiors of the 
giant P. globosa colonies, which may be released by colonial cells during active 
growth.
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Figure 2.1. Giant P. globosa colonies collected from the coastal waters of south central 
Vietnam.
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Figure 2.2. Relationship between sinking rate and diameter of giant P. globosa colonies. 
The dashed line represents a moderate linear regression: Y =  433 .6X -180 .2 , n=30, 
R2=0.364, p=0.0004.
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Figure 2.3. Colonial cell size vs. colony size for the giant P. globosa colonies. No 
correlation was detected between the two variables (n=19, R2=0.04).
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Figure 2.4. a) Log-log relationship between colonial cell density and colony size for giant P. 
globosa colonies. The dashed line represents a weak positive linear correlation:
Y = 0 .44X + 1.61, n=32, R2=0.255, p=0.0032; b) Log-log relationship between total 
colonial cell abundance and colony size for giant P. globosa colonies. The solid line 
represents a strong positive linear correlation: Y =  2.44X + 0.11, n=32, R2=0.912,
p=0.0001.
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Figure 2.5. a) Relationship between chlorophyll content per unit area of colony surface 
and colony size for giant P. globosa colonies. The dashed line represents a moderate 
positive linear correlation: Y = 0 3 A X - \ . 1 \, n=13, R2=0.439/ p=0.014; b) relationship 
between cellular chlorophyll content and colony size for giant P. globosa colonies. The 
dashed line represents a moderate positive linear correlation: Y = 0 .7 2 X -0 .3 4 , n=13, 
R2=0.419, p=0.017.
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Figure 2.6. a) Relationship between total POC content per unit area of colony surface and 
colony size for giant P. globosa colonies. The dashed line represents a moderate negative 
linear correlation: Y = -4 0 .2 X +51.5, n=17, R2=0.356, p=0.011; b) relationship between 
POC per unit area of colony mucous and colony size for giant P. globosa colonies. The 
dashed line represents a moderate negative linear correlation: Y =  -4 3 .3 X  + 55.0, n=17, 
R2=0.377, p=0.0087.
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Figure 2.7. a) Relationship between intracolonial DOC concentration and colony size for 
giant P. globosa colonies. The dashed line represents a moderate negative linear 
correlation: Y =  -2 .5 9 X + 9 .1 3 , n=13, R2=0.442, p=0.016; b) relationship between total 
intracolonial content and colony size for giant P. globosa colonies. The solid line 
represents a strong positive linear correlation: Y = 8.1 I X -4 .4 1 ; n=13, R2=0.975,
p<0.0001.
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Figure 2.8. Relationship between a) changes in salt mass in the intracolonial fluid and the 
external seawater, b) salinity change in the external seawater and diffusion time, c) 
salinity change in the external seawater and diffusion time in the diffusion experiment. 
Shaded region represents a short time period during which inflow and outflow of salt ions 
reached a balance. Blue open circles represent outliers which were excluded from 
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Figure 2.9. Relationship between a) colonial cell density and colony size, b) Scc / Sc ratio 
and colony size for the North Sea strain of P. globosa colonies, and c) colonial cell density 
and colony size, d) Scc / Sc ratio and colony size for the Vietnamese strain of P. globosa
colonies. Scc is the colony surface area occupied by colonial cells, Sc is the total surface 
area of a colony, and Scc /  Sc is the ratio of the two values.
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CHAPTER III. A PRELIMINARY STUDY ON BIO-OPTICAL FEATURES AND  
REMOTE SENSED DISCRIMINATION OF PHAEOCYSTIS AND DIATOM  
BLOOMS OFF THE SOUTH CENTRAL COAST OF VIETNAM
ABSTRACT
Ocean color remote sensing is becoming increasingly essential to monitoring, detecting, 
and characterizing the phytoplankton blooms in oceanic and coastal waters and better 
understanding the marine ecosystem dynamics over ecologically relevant scales. Off the 
coast of south central Vietnam, intensive Phaeocystis and diatom blooms have been 
detected with increasing frequency since 1990s; however, the empirical investigations on 
temporal evolution of phytoplankton assemblage composition are limited. To develop an 
algorithm to differentiate between the two functional phytoplankton groups from space, 
the absorption properties of the dominant algal species were studied under two light 
conditions based on spectral absorption and attenuation meter (ac-s) measurements. 
Derivative and similarity index analyses on phytoplankton absorption spectra suggested 
the main spectral difference between Phaeocystis and diatoms at wavelength of 478 nm. 
Ratios of a (488)/a  (551) a n d ^ (510 )/^ (531 ) and modeled remote sensing
reflectance was used in this study to differentiate between Phaeocystis and diatom 
blooms. Preliminary results represented a step forward for discriminating Phaeocystis 
from diatoms in Vietnamese waters. However, more research is necessary to improve the 
performance of the proposed technique in locations with terrestrial influence.
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INTRODUCTION
The use of satellites in the last decades has been revolutionary in the study of 
phytoplankton blooms in terms of their distribution, physiology and assemblage 
composition (Craig et al.# 2006). In recent years several attempts have been made to use 
ocean color data for estimating chlorophyll concentrations and detection of phytoplankton 
blooms in waters with different dominant functional groups. Discrimination and 
identification among phytoplankton functional groups are generally based on their inherent 
optical properties (lOPs), namely light absorption and scattering (Stuart et al., 2000; 
Dupouy, 2010). For a given amount of chlorophyll and phaeophytin, the effects of algal 
biomass upon the optical properties of a water body depends on the variation in the 
amount of biogenic detritus, the photosynthetic and accessory pigment composition within 
the cells, and the effect of phytoplankton cell size and cellular pigment concentration 
(Morel and Bricaud, 1981; Hoepffner et al., 1991).
The specific absorption coefficient of phytoplankton (the absorption coefficient of 
phytoplankton at a particular wavelength normalized by chlorophyll a concentration) can 
vary because of relative differences in the pigment composition and size structure of 
phytoplankton (Sathyendranath et al., 1987, Mitchell and Kiefer, 1988). Modifications in 
the pigment composition (changes in the type and amount of accessory pigments present 
relative to the concentration of chlorophyll a) can arise from adaptations to specific light 
and nutrient regimes, or from alterations in the phytoplankton itself (Hoepffner and
Sathyendranath, 1992; Johnson and Sakshaug, 1993; Bricaud et al., 1995; Marra et al.,
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2000). When the pigment composition changes, there are corresponding changes in the 
spectral absorption characteristics (Sathyendranath et al., 1987; Bidigare et al., 1990; 
Hoepffner and Sathyendranath, 1991). Furthermore, the absorption efficiency of 
pigments decreases with increasing cell size or intracellular pigment concentration 
(Duysens, 1956; Kirk et al., 1975; Platt and Jassby, 1976; Morel and Bricaurd, 1981; Sosik 
and Mitchell, 1994). The interspecific differences in these optical properties can be 
retrieved from remote sensing data, provided they are distinct enough to alter the 
absorption and reflectance spectra at certain wavelengths and do not vary significantly 
with the physiological state of the phytoplankton (Astoreca et al., 2009).
Off the coast of south central Vietnam, intensive phytoplankton blooms are 
associated with fresh water and upwelling inputs in summer (also see Chapter I). 
Historically, temporal and spatial distributions of Phaeocystis and diatoms in Vietnamese 
waters have been investigated based on discrete shipboard measurements. Although 
preliminary, these measurements showed for the first time the existence of a temporal 
mismatch between maximum developments of these two groups. However, the 
processes that control this pattern between years remain uncertain.
Over the past two decades, oceanographers have developed optical instrumentation 
that can collect data in a non-intrusive manner. Optical techniques are amenable to a 
variety of platforms (satellites, aircraft, mooring and profiling instrumentation), allowing 
researchers to design multi-platform sampling networks capable of collecting data over 
ecologically relevant scales (Smith et al., 1987; Dickey, 1993). Optical approaches have 
been criticized because they provide only bulk composite signals of the given water mass,
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and the signatures of distinct phytoplankton species are difficult to be discriminated 
(Garver et al. 1994). However, major progress has been made in recent years due in part to 
the spectral and radiometric improvement of ocean color sensors. Alvain et al. (2005) 
developed multispectral classification schemes to assess four different groups of 
phytoplankton (haptophytes, Prochlorococcus, Synechococcus, and diatoms) from space. 
They derived relationships between water-leaving radiance (Lw) and phytoplankton species
by using a set of quantitative inventories of phytoplankton pigments collected in the field.
In a recent study conducted in southern North Sea, Astoreca et al. (2009) showed that the 
main spectral differences between diatoms and Phaeocystis were observed at 467 nm due 
to the absorption of pigment chlorophyll c3 which is only present in Phaeocystis, suggesting 
that the absorption at 467 nm might be used to detect Phaeocystis in the field.
The remote sensing estimates of various components of seawater, such as colored 
dissolved organic matter (CDOM), suspended particulate matter (SPM) and chlorophyll 
concentration (Chi), may bias the detection of episodic phytoplankton blooms 
(Sathyendranath et al., 2001; Bouman et al., 2003). Most of the studies dedicated to 
remote detection and characterization of phytoplankton blooms were principally 
developed for Case I waters where IOP variations are mainly due to phytoplankton (Morel 
and Prieur, 1977), and only a few algorithms deal with coastal waters in which the presence 
of material of terrestrial origin interferes with phytoplankton radiometric signal. 
Subramaniam et al. (2002) demonstrated that a semi-empirical classification scheme may 
be applied to coastal waters. Craig et al. (2006) also proposed a method which was 
insensitive to varying CDOM concentrations. More recently, Lubac et al. (2008) used
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reflectance ratios and suggested the possibility of detecting Phaeocystis blooms from 
current ocean color sensors. They performed sensitivity analysis for this approach to 
evaluate the effects of chlorophyll concentration, CDOM, and the composition of the 
particulate matter (through bbp / bh , see Table 3.1 for symbols and definitions) on the
Rrs(A) ratios using a radiative transfer model (Mobley and Sundman, 2001), and concluded 
that CDOM reduces the ability to distinguish between different phytoplankton groups in 
coastal waters of the eastern English Channel. As highlighted above, identification of 
taxonomic groups in coastal waters may represent a major challenge when optical-based 
remote sensing methods are used, particularly in waters where SPM, CDOM and 
phytoplankton vary independently.
The aim of this study is to investigate the absorption characteristics of Phaeocystis 
globosa and two dominant diatom species in south central Vietnamese waters, and 
examine the feasibility of using multispectral remote sensing reflectance inversion to 
differentiate Pboeocyst/s-dominated blooms from diatom-dominated blooms on the basis 
of satellite-derived remote sensing reflectance {Rrs( X ) ) and phytoplankton inherent bio- 
optical parameters. The effects of photophysiological acclimation and the presence of 
CDOM and SPM on the performance of the proposed approach were also discussed.
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HYPOTHESES
Hypotheses to be addressed in this chapter include:
HI: Photophysiological acclimation has limited effects on spectral absorption 
features of dominant phytoplankton species in coastal waters of south central Vietnam.
H2: Phaeocystis-dovn'mated blooms can be discriminated from diatom-dominated 
blooms using remote sensing reflectance inversion.
H3: The performance of the detection algorithm is significantly affected by the 
presence of colored dissolved organic matter and suspended particulate matter in the 
study area.
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MATERIALS AND METHODS
Phytoplankton cultures and mixed phytoplankton samples
Pure strains of diatoms Thalassiosira weissflogii (CCMP 1336) and Chaetoceros 
neogracile (CCMP 1317; the dominant diatom species in south central Vietnamese waters; 
Doan, personal communication), and two strains of Phaeocystis globosa (CCMP 627 and 
1524) were obtained from the Provasoli-Guillard National Center for Cultures of Marine 
Phytoplankton (CCMP). Phaeocystis globosa China was originally isolated from coastal 
waters of the South China Sea. Cultures (5 strains) were grown under nutrient-replete 
conditions in artificial seawater enriched with f/2 medium (Guillard and Ryther, 1962). 
Triplicate cultures were placed in an incubator at 20-22°C under a 12h:12h light/dark cycle. 
Cell densities in the cultures were monitored microscopically and samples were taken 
from exponentially growing cultures (Day 10). Phytoplankton light absorption was 
determined using a spectrophotometer and a spectral absorption and attenuation meter
(see Light absorption determination). Averaged diatom absorption spectrum [adia(X ))
and Phaeocystis absorption spectrum (aPhaeo(Z) ) were obtained by averaging the 
normalized absorption spectra, considering that the interspecific differences in absorption 
spectra are significantly greater than the intraspecific differences resulting from pigment 
packaging and strain-level modifications in pigment composition. The effect of light 
intensity on phytoplankton absorption coefficient was investigated by comparing pigment 
absorption spectra of phytoplankton cultures exposed to low light (LL, 25-40 nmol
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photons m^s"1) and high light (HL, 150-180/^mol photons m 'V 1) as indicators ofintra- 
and interspecific variations associated with light conditions. Chlorophyll concentration in 
each sample was measured by fluorometer (also see Chapter I and II).
To mimic the in situ phytoplankton assemblage composition in the studied region, 
sub-samples were taken from P. globosa and diatom cultures and then mixed 
proportionally (Table 3.2). The relative chlorophyll concentrations (Chi %) of P. globosa 
and diatoms in the mixed samples were calculated based on the chlorophyll concentration 
in each culture.
Light absorption determination
Phytoplankton species contain a variety of photosynthetic and accessory pigments, 
each of which has a unique absorption spectrum thus phytoplankton of different 
functional groups should have unique absorption spectra dependent on their pigment 
composition (Lutz et al., 2003). To measure the phytoplankton absorption coefficient ( a
), discrete samples were collected from phytoplankton cultures, filtered through 25 mm 
glass fiber filters (Whatman GF/F), and the light absorbance of the particles retained on 
the filter, A , was measured using a Perkin Elmer Lambda 25 spectrophotometer relative
to a wetted glass-fiber filter at wavelengths between 400 and 720 nm with a spectral 
resolution of 2.5 nm. Actual absorption of light by particles, ap(X), was derived from the 
following relation:
ap(A) = 2.303Ap( A ) /X  (3.1)
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where X  is the path length in meters and was obtained from V/S (V, volume of sample in 
m'3; S, filter area in m'2). Immediately after the measurement, the filter was de-colorized 
with NaOCI (0.13% active chlorine), and the absorption of the de-colorized filter paper ( 
ad(X )) was measured in a similar manner. The difference between the two readings was 
considered to be the light absorption related to phytoplankton K W ) :
<*9,W  = ap(X ) -a d(X) (3.2)
To determine the absorption by CDOM (tfCI)OM), absorbance of the filtrates was measured 
in a 1-cm quartz cuvette at the same wavelengths.
Light absorption of suspended particles, as(/1), was also determined for 
phytoplankton cultures at wavelengths between 400 and 720 nm using an WET Labs 
spectral absorption and beam attenuation meter, also called as "ac-s", with a 25-cm path 
length against corresponding filtered samples as reference. The phytoplankton cultures 
and filtrates were directly pumped through the ac-s flow tubes for determination of 
as(A) . The light absorption obtained from the ac-s is considered to be much more
realistic compared to the absorption on the filter paper, since a significant difference 
exists between suspension and filtration due to reflection, scattering and path elongation 
(Kishino et al., 1985). The path-length amplification factor, /? , was then calculated from:
/3 = aP/a s (3.3)
in which ap and as represent the averaged values of ap()I) and as(/1) between 400 and 
720 nm, respectively.
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Absorption spectra of av were normalized at 670 nm in order to remove the 
variations associated with chlorophyll concentration and to emphasize the differences in 
the blue-green spectrum. For aCD0M spectra, the mean values of 680-690 nm were 
subtracted (baseline correction; Babin et al., 2003) and the absorbance was then 
converted into an absorption coefficient. The spectral slope ( SCD0M) was calculated using 
a nonlinear exponential fit function on the 400-500 nm spectral range (Babin et al., 2003):
a CDOM ( ^ )  =  a CDOM (443) Qxp(—SCDOM )(A — 443) (3.4)
Satellite-derived remote sensing reflectance
Merged local area coverage (MLAC, 1.1 km resolution) and global area coverage 
(GAC, 4.6 km resolution) images from the Sea-viewing Wide Field-of-view Sensor 
(SeaWiFS level-2, NASA), the Moderate Resolution Imaging Spectroradiometer (MODIS 
level-2, NASA), and the Medium Resolution Imaging Spectrometer (MERIS, ESA) were 
browsed and downloaded from Hermes GlobColour archive database 
(http://hermes.acri.fr/GlobColour/index.ohp) over the region of interest. An 8-day 
binning period was selected to include the date of field sampling in July 2009, and the 
normalized water leaving radiance (nLw) was obtained for each available wavelength (A -  
412, 443, 488 or 490, 510, 531 or 532, 555, 665 and 670 nm) and computed from pixels 
nearest to each station. Low-quality pixels were removed from Level-2 datasets using 
NASA ocean color Level-2 flags (http://oceancolor.gsfc.nasa.gov/VALIDATION/flags.html). 
Rrs was then derived from:
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Rrs(A) = n L J F 0(A) (3.5)
where F0(JI) is the extraterrestrial solar irradiance (Neckel and Labs, 1984).
Satellite image analyses, data extraction, and quality controls were performed using 
SeaDAS (version 6.1) and the Windows Image Manager (WIM, version 6.58).
Data treatment and statistics
Derivative analysis
Derivative spectroscopy is commonly used in the analysis of spectral absorption 
measurements (Philpot, 1991; Louchard et al., 2002). Derivatives of second or higher 
order are relatively less sensitive to variations in illumination intensity, as well as spectral 
variations of sunlight and skylight (Tsai and Philpot, 1998). Also, the derivative analysis 
amplifies and improves detection of small spectral variations (Craig et al., 2006), and has 
been used to examine the spectral absorption patterns. In this study the second
derivatives of a (X) ( dA2a(p) were examined to indicate the center of the secondary peak 
and trough of a (A) . dA1a(p was estimated using a "finite difference approximation" as:
where the finite band resolution (AA = Al+l—At ) is 2.5 nm. Derivatives are very sensitive
to noise in hyperspectral analysis. To minimize random noise, a running average filter was 
applied locally to smooth the data prior to the derivative analysis. The algorithm is given
d \ W  „  a <p C^+i) ~  (A ,) +  ( A j - j ) (3.6)
d A 2 (A  Ay-
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by:
= ~   <3'7>n
where n is the filter size (here n=5) and / in the index of the middle point of the filter. 
Similarity index analysis
Phytoplankton absorption spectra ( a (X) } measured for 3 strains of P. globosa and
2 strains of diatom species grown under HL and LL conditions were compared to each 
other in a pair-wise fashion using a similarity index analysis as described by Millie et al. 
(1997) and Kirkpatrick et al. (2000). The purpose of this analysis is to assess the influence 
of photophysiological acclimation on inter- and intraspecific differences in spectral light 
absorption by Phaeocystis and diatoms. For each spectrum, the second derivative of 
a ^X )  was transformed by use of a normalized ratio method, which means each data pair
were divided at each wavelength by the larger of the pair. The similarity index (SI) was 
then computed from the angle between two vectors such that:
SI = Apl Apl - (3.8)
\Ap, \ x \ Ap2\
where Apl and Ap2 are the vectors that comprise the second derivatives of one and the
other absorption spectrum in a pair. The calculation of SI yields a number ranging from
zero to one, where zero indicates no similarity between the spectrum pair, and one
suggests absolute consistency between the spectrum pair.
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Inversion model (QAA)
Phytoplankton absorption spectra a (X) were derived from inversion of satellite-
d e rive d ^  (A) using the Quasi-Analytical Algorithm (QAA) of Lee et al. (2002) for optically 
deep waters (those where the upwelling radiance received by the airborne or satellite 
sensor originates from the water column without any bottom signal contribution). This 
parameterization has been shown to perform well in coastal waters (i.e., D'Sa and Miller, 
2003) and is likely suitable for south central Vietnamese waters. Unlike other semi- 
analytical models, the QAA does not require a full spectral model for a ^ X ) , but instead
allows a (/1) to be derived independently from Rrs{X) ■ Its accuracy has been shown to
be similar to that of optimization methods and its calculation efficiency similar to that of 
empirical algorithms (Lee et al., 2002). A description of the mathematical steps involved 
in the inversion process is provided on the basis of an update of QAA_v5 (Lee et al., 2009; 
Appendix 7).
Multispectra I analysis
To evaluate the potential of using current multispectral ocean color sensors for 
discrimination between Phaeocystis and diatom blooms, ratios of measured a J llx(X) were
taken in a pair-wise fashion ( R i:# / " * ^ ) /  a9mx(A2) and R2: with ,4..
selected from the set of MODIS, SeaWiFS and MERIS wavelengths: 412, 443, 488 or 490, 
510, 531 or 532, 555, 665 and 670 nm). All possible combinations were tested in order to 
find significant relationships or patterns of distribution in the (Ri, R2) coordinate space.
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Best spectral ratios for discriminating the phytoplankton groups under investigation were 
those combinations of pairs allowing the largest distancing between locations dominated
by diatoms and Phaeocystis. Then, selected combinations of a(pRrs{X) ratios were derived
from QAA inversion, and the relative chlorophyll concentration of Phaeocystis (or diatoms) 
was estimated based on the derived relationships or patterns for sites where remote 
sensed Rrs(/1) was obtained. The performance of this method was evaluated using 
phytoplankton abundance and taxonomic data collected in the field from discrete water 
samples. Calculations and statistical analyses were all performed using R (2.8.1).
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RESULTS
The effects of photophysiological acclimation on growth and absorption 
characteristics of Phaeocystis and diatom species
The magnitude of irradiance caused varying effects on growth of the 3 strains of P. 
globosa and 2 diatom species, as reflected in different accumulation rates of particulate 
organic carbon (POC) concentrations and cell abundance (Table 3.3). High irradiance level 
(HL) produced significantly increased cell abundance in cultures of P. globosa CCMP 1524 
and Chaetoceros neogracile (p < 0.01, n=2, Welch's t-test, same as below), and elevated 
POC concentrations in cultures of P. globosa CCMP 627 and P. globosa CCMP 1524 (p < 
0.05, n=2). Substantially higher level of cellular POC was also found in HL treatments of P. 
globosa CCMP 627 (p < 0.01, n=2). In contrast, the Chinese strain of P. globosa was not 
significantly affected by irradiance. Only solitary cells were observed in cultures of all 3 
strains of P. globosa.
The spectrally averaged absorption coefficients of particulates within the 
wavelength range 400-720 nm were computed from measurements by
spectrophotometer ( ap ; hereafter referred as "filter pad method") and by ac-s (as,
referred as "ac-s method"), and were consistently greater at low light (LL) regardless the
phytoplankton species or strain (ap , p < 0.05, n=4; as, p < 0.05, n=4; paired t-test; Table
3.4; Fig. 3.1). This likely resulted from a greater amount of pigment absorption by 
phytoplankton cells physiologically acclimated to the LL condition. As expected, elevated
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cellular chlorophyll was detected in cultures grown at LL (Table 3.3, p < 0.05, paired t-test; 
Fig. 3.2), and the differences were statistically significant in cultures of P. globosa CCMP 
1524 and both diatom species. This may significantly alter the phytoplankton absorption 
coefficients via pigment packaging effects (Morel and Bricaud, 1981).
The path length amplification factor, /?, calculated as the ratio of a to as,
varied for different strains and species (Table 3.4). This factor was considered to be 
greater than 1 and has been empirically attested (i.e., Lohrenz, 2000) since the filter pad 
method overestimates the absorption which is attributed to reflection, scattering and 
path elongation by the filter paper (Kishino et al., 1985). Given that ac-s measurements of 
absorption are more accurate than those made with spectrophotometer, (5 can be also 
considered as an error factor of the absorption measured by the filter-pad method. It 
varies between 0.89 (P. globosa China, LL) to 2.20 (P. globosa CCMP 627) for P. globosa 
strains, and between 0.48 (C. neogracile, HL) to 2.29 (7. weissflogii, LL) for diatoms. The 
variations in p  values may be mainly associated with cell size structure, but this 
hypothesis remains to be tested.
Identification of spectral absorption features in Phaeocystis and diatoms
The normalized phytoplankton absorption spectra (a (X)) were compared among
the 3 P. globosa strains and 2 diatom species each grown at LL and HL (Fig. 3.3). Both 
phytoplankton groups exhibited differences in the magnitude of a (X) between HL and LL
experiments. One of the 2 diatom species, C. neogracile, showed an enhanced absorption
between 530 and 650 nm at HL (Fig. 3.3g), while the 3 P. globosa strains all displayed a
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slightly elevated absorption between 530 and 650 nm at LL (Figs. 3.3a, c, e). Unlike 
diatoms, the shape of normalized absorption spectra in P. globosa cultures varied 
between the two light regimes. The second derivative analysis of the two diatom spectra 
identified 6 major absorption maxima (464, 509, 557, 601, 650 and 685 nm) under both 
HL and LL conditions, while only 5 major absorption peaks were detected (458, 509, 562, 
650 and 685 nm) on the absorption spectra of all P. globosa strains. The spectral 
maximum at 595 nm was absent in all P. globosa strains.
To assess the effects of photophysiological acclimation on inter- and intraspecific 
differences among phytoplankton species and strains, the second derivative of 
phytoplankton absorption spectra were compared in a pair-wise fashion using a similarity 
index (SI) analysis (Tables 3.5, 3.6). The Sis between a same species or strain grown at HL 
and LL (intraspecific SI, between light conditions) are relatively high and range from 0.86 
to 0.91, implying that the spectral absorption variations resulting from photophysiological 
acclimation (i.e., pigment packaging) are relatively small. Alterations in pigment 
composition may exist among different strains of P. globosa; however, the inter-strain 
differences are also small as suggested by high Sis (intraspecific SI) between strains of P. 
globosa grown at the same light level, indicating that the strain-level modifications in 
pigment composition are small. In contrast, the Sis between a P. globosa strain and a 
diatom species at the same light level (interspecific SI) are much lower and between 0.66 
and 0.75, suggesting that pigment composition plays a major role in determining the 
shape of a phytoplankton absorption spectrum. Interspecific Sis between diatom species
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are relatively high compared to those between P. globosa and diatoms, with values of
0.75 and 0.84.
The smaller intraspecific variability of a (X) and the low significance of 
photophysiological acclimation on spectral change in a9{X) for both phytoplankton 
groups relative to the interspecific differences observed between diatoms and P. globosa 
allows the use of averaged a (X) to highlight the differences between the two groups
(Fig. 3.4). The main differences in spectral shape between the averaged absorption 
spectra of diatoms ( adia ) and P. globosa (aPhaeo) were observed between 460 and 485
nm and between 510 and 585 nm (Fig. 3.4a), while the second derivative analysis 
indicated that the differences between 460 and 485 nm are especially pronounced (Fig. 
3.4b). Further statistical analysis on this spectral interval suggests that the greatest
difference in magnitude between adia and aphaeo was detected at 478 nm (Fig. 3.4c), 
which is roughly in agreement with previous results that showed that chi c3, which is 
present in Phaeocystis but not diatoms, contributes to a characteristic absorption signal at 
467 nm (Hoepffner and Sathyendranath, 1991; Johnsen et al., 1994). Therefore, the 
absorption spectrum between 460 and 485 nm, and especially at 478 nm, can be used as 
a marker of A globosa when attempting to optically discriminate P. globosa from diatom 
assemblages.
Feasibility of discriminating Phaeocystis from diatom blooms using 
multispectral ocean color remote sensing
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Absorption spectra a J 'lx{X ) were determined for mixed phytoplankton samples
using the ac-s method. All possible relationships between different a  ”“ ( /1) ratios were
tested from the set of SeaWiFS and MODIS wavelengths. The best combination (with the 
highest value of R2) found to discriminate the signal of P. globosa from that of diatoms uses 
the two following ratios: ^ ( 4 8 8 ) /^ ( 5 5 1 )  (Ri) and a ^ (5 1 0 ) /a p(531) (R2). Phaeocystis-
and diatom-dominated mixed samples with relative chlorophyll concentrations exceeding 
80% showed distinct distributions in the R1/R 2 relationship, and can be discriminated from  
each other. Specifically, a Phaeocystis-dominated sample is characterized by lower values 
of both Ri and R2 (Fig. 3.5), and thus is separated from a diatom-dominated sample in the 
(Ri, R2) coordinate space. In that case, phytoplankton absorption coefficients at 488, 510, 
531 and 551 nm, if available, can be used to calculate the values of Ri and R2, and the  
phytoplankton assemblage composition can be then estimated from the relative location of 
(Ri, R2) in the coordinate space.
To evaluate the potential of using current multispectral ocean color sensors for 
remote sensed discrimination of P. globosa blooms, Rrs was obtained from SeaWIFS and 
MODIS at wavelengths 488, 510, 531 and 551 nm from pixels nearest to each station 
visited in 2009. Phytoplankton absorption coefficients at the same wavelengths were 
derived from Rrs using QAA inversion, a  (4 8 8 ) / a  (551) and a  (510 ) / < 2  (531) were then
calculated for each station, and the distribution of data points (representing stations) in 
the (Ri, R2) coordinate space was examined (Fig. 3.6). All of the 4 stations associated with 
diatoms blooms (see Chapter I) are away from their theoretically expected coordinates in
103
varying distances. The best performance of this multispectral approach was found at the 
furthest offshore station, as suggested by the shortest distance between the actual and 
the expected coordinates.
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DISCUSSION
Absorption signatures of Phaeocystis and diatoms
The a9 signatures of Phaeocystis and diatoms result primarily from their specific
pigment composition. Reported pigment composition for Phaeocystis [P. globosa, P.
pouchetii, P. antarctica) includes chi a, chi cl+2, chi c3, 19'-butanoyloxyfucoxanthin (19'-
but), 19'-hexanoyloxyfucoxanthin (19'-hex)/ fucoxanthin (fuco), diadinoxanthin (diadino),
diatoxanthin (diato) and beta-carotene (Moisan and Mitchell, 1999; Llewellyn and Gibb,
2000; Zapata et al., 2004), although the absence of 19'-but and 19'-hex have been
reported for P. globosa in Belgian waters and the southern North Sea (Muylaert et al.,
2006; Astoreca et al., 2009). The absorption peaks at 440 and 467 nm have been
observed in both P. pouchetii and P. antarctica (Stuart et al., 2000; Moisan and Mitchell,
1999), and have been considered as a characteristic of the family Phaeocystaceae
(Astoreca et al., 2009). The investigated diatoms Chaetoceros spp. and Thalassiosira spp.,
as reported in the literature, exhibit elevated absorption at 440 and 500 nm (Johnsen et
al., 1994; Stramski et al., 2002) which is associated with pigments chi a, chi cl+2, fuco,
diadino, diato and beta-carotene (Llewellyn and Gibb, 2000; Astoreca et al., 2009).
Therefore, the main difference between Phaeocystis and diatoms can be detected at 467
nm due to the presence and absence of chi c3 in Phaeocystis and diatoms, respectively.
Modifications in the composition of other accessory pigments, such as chi cl+2 and
diadinoxanthin may vary in magnitude among different species and strains and produce
multiple major differences between absorption spectra of Phaeocystis and diatoms. In
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this study absorption peaks at 440 nm were found very stable for both P. globosa and 
diatoms regardless of the light conditions; however, the characteristic absorption peak 
was detected at 478 nm, instead of 467 nm, for all 3 strains of P. globosa. Although 
empirical HPLC data were lacking, it was speculated that this absorption peak is a 
combined product of chi c3, which contributes to the absorption at 467 nm, and elevated 
concentrations of fuco, diadino and diato which are associated with the absorption at 500 
nm. The main difference in magnitude between absorption spectra of P. globosa and 
diatoms was also detected at 478 nm, suggesting that multiple wavelengths, instead of a 
single one at 467 nm, should be incorporated into the algorithm to discriminate P. 
globosa blooms from diatoms blooms, since the absorption peak associated with chi c3 
may be contaminated by absorption of other accessory pigments.
Caveats on bio-optical discrimination between Phaeocystis and diatoms
Solar irradiance varies in nature, and phytoplankton in natural environment possess 
the capacity to acclimate to the changed irradiance. The corresponding physiological 
changes in phytoplankton can be reflected in both pigment composition and 
concentration. In this study the effects of irradiance intensity on the growth and 
absorption features of P. globosa and diatoms were examined. Significantly elevated 
cellular pigment concentrations were detected in P. globosa CCMP 1524 and T. 
weissflogii, but not in P. globosa China and P. globosa CCMP 627. The second derivative 
and similarity index analyses indicated that the fluctuations in P. globosa absorption 
spectra attributed to variation in light conditions are less significant compared to the 
interspecific differences between P. globosa and diatoms. Thus, the approach of using
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the second derivative analysis and similarity index in the discrimination between P. 
globosa and diatom blooms should be relatively conservative upon variations in irradiance 
conditions.
Nevertheless, limitations arise in remotely sensed assessment and detection of 
phytoplankton blooms in coastal waters where the presence of material of terrestrial 
origin interferes with the phytoplankton signal. Unlike oceanic waters (Case I waters), 
high CDOM and suspended particulate matter (SPM) in coastal waters (Case II waters or 
above) represent one of the greatest challenges to the accurate estimation of pigment 
concentrations and identification of characteristic optical signals of a certain 
phytoplankton group derived from remote sensing. The coastal waters of south central 
Vietnam are impacted by the Mekong River discharge, coastal upwelling events, and 
plentiful precipitation during the monsoon season; thus, the influence of land runoff and 
resuspended materials are not negligible. In this study a multispectral approach was 
developed with phytoplankton cultures to differentiate between P. globosa- and diatom- 
dominated blooms, and was evaluated using satellite observations and discrete water 
samples collected from the field. Along the transect perpendicular to the shoreline, this 
approach showed the best performance at the furthest offshore station (> 20 km 
offshore) and the poorest performance at the near-shore stations (< 10 km offshore) in 
terms of detecting a diatom bloom from space, which may suggest that remote sensing of 
P. globosa and diatom blooms in coastal waters of Vietnam is inaccurate due to the major 
interference of CDOM and non-covarying particles, the lack of high resolution spectral and
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spatial data, and perhaps problems of atmospheric correction errors. These issues have 
been previously highlighted by other studies (Lee et al., 2009; Astoreca et al., 2009).
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SUMMARY
1. Pigment composition plays a major role in determining the shape of a 
phytoplankton absorption spectrum for P. globosa and the dominant diatom species 
in coastal waters of south central Vietnam, while the photophysiological acclimation 
contributes to a secondary effect on spectral variations in phytoplankton absorption.
2. Derivative and similarity index analyses on phytoplankton absorption spectra 
detected the main spectral difference between P. globosa and diatoms at 478 nm, 
which was considered to be a combined product of the absorption maximum at 467 
nm and the elevated absorption at 500 nm by pigments in P. globosa cells.
3. Ratios of ap(488 )/^ (551 ) and a (510) / a (531) and remote sensing reflectance
inversion were proposed to discriminate between Phaeocystis and diatom blooms; 
however, the practical application of this approach to the study area remains 
challenging due to the presence of materials of terrestrial origin which interfere 
with the phytoplankton radiometric signal.
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Table 3.1. List of symbols and definitions.
Symbol Description Unit
a Total absorption coefficient m'1
% Absorption coefficient of phytoplankton 
Averaged absorption coefficient of phytoplankton 
pigments in monospecific cultures;
m 1
„  „m ix  Rrs absorption coefficient of phytoplankton pigments in
a tp > a <p > a cp mixed samples;
reflectance-derived absorption coefficient of 
phytoplankton pigments
m
Averaged absorption coefficient of Phaeocystis cultures m-1®Phaeo '  ®dia and diatom cultures, respectively
a CDOM Absorption coefficient of CDOM m 1
a d Absorption coefficient of detritus m 1
a*g Absorption coefficient of detritus and "Gelbstoff" m 1
ap Absorption coefficient of particles (filter pad method) m'1
r i Absorption coefficient of suspended particles (ac-s m 1a s method)
Second derivative of normalized averaged phytoplankton 
absorption coefficient of phytoplankton pigments in
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A Ambc ARrs
<p > <p > cp
monospecific cultures;
second derivative of normalized averaged absorption 
coefficient of phytoplankton pigments in mixed samples; 
second derivatives of normalized reflectance-derived 
absorption coefficient of phytoplankton pigments
dimensionless
second derivative of normalized averaged absorption
A APhaeo '  dia coefficient of Phaeocystis cultures and diatom cultures, 
respectively
dimensionless
K Total backscattering coefficient m 1
K Backscattering coefficient of suspended particles rrf1
E „ Downwelling irradiance WrrT2
k Above-surface upwelling radiance W m'2sr1 nm'1
A. Water-leaving radiance W m^sr'1 nm'1
K Above-surface remote sensing reflectance sr'1
rrs Below-surface remote sensing reflectance sr'1
e
CDOM Spectral slope of CDOM nm 1
S qaa Spectral slope of detritus and CDOM used in the QAA nm 1
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Table 3.2. Relative chlorophyll concentrations of P. globosa and diatoms in mixed samples. 
Chi %: relative chlorophyll concentration.
Sample ID Chi % P. globosa Chi % diatoms
1 100.0% 0.0%
2 84.3% 15.7%
3 71.7% 28.3%
4 45.8% 54.2%
5 22.0% 78.0%
6 8.6% 91.4%
7 3.0% 97.0%
8 0.0% 100.0%
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Figure 3.1. Bar plot of phytoplankton absorption coefficients averaged between 420 and 
700 nm, as measured by spectrophotometer ("filter pad") and ac-s for P. globosa and 
diatoms grown under high light (HL) and low light (LL) conditions. Vertical error bars 
represent 95% confidence interval (Cl) of the means.
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Figure 3.2. Bar plot of cellular chlorophyll (pg cell'1) in P. globosa and diatoms grown at 
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Figure 3.3. Phytoplankton absorption spectra normalized at 670 nm for a) P. globosa 
China, c) P. globosa CCMP 627, e) P. globosa CCMP 1528, g) diatom C. neogracile, i) 
diatom T. weissfiogii, k) all together, and the second derivative of normalized 
phytoplankton absorption spectra for b) P. globosa China, d) P. globosa CCMP 627, f) P. 
globosa CCMP 1528, h) diatom C. neogracile, j) diatom T. weissfiogii, and I) combined. 
The shaded regions indicate the 95% confidence interval (Cl) of the mean absorption 
spectra (ac-s, n=180).
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Figure 3.3 (cont'd). Phytoplankton absorption spectra normalized at 670 nm for a) P. 
globosa China, c) P. globosa CCMP 627, e) P. globosa CCMP 1528, g) diatom C. neogracile, 
i) diatom T. weissfiogii, k) all together, and the second derivative of normalized 
phytoplankton absorption spectra for b) P. globosa China, d) P. globosa CCMP 627, f) P. 
globosa CCMP 1528, h) diatom C. neogracile, j) diatom T. weissfiogii, and I) combined.
The shaded regions indicate the 95% confidence interval (Cl) of the mean absorption 
spectra (ac-s, n=180).
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Figure 3.5. Relationship between Ri (ratio of 488) to 551)) and R2 (ratio of a y i 510)
to a(p{52>\)) for mixed phytoplankton samples with a range of P. globosa in relative
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CHAPTER IV. CONCLUDING REMARKS
South central Vietnamese waters experience strong monsoonal wind and buoyancy 
forcing during the summer months, which regulate patterns in ocean circulation, nutrient 
regime, and planktonic species. Intensive Phaeocystis globosa and diatom blooms were 
reported along the south central coast of Vietnam in recent years, temporally coincident 
with the southwest monsoon in summer. A remarkable characteristic of the P. globosa 
observed in coastal Vietnamese waters is that this strain forms colonies of exceptionally 
large size, which would produce critical problems with respect to nutrient uptake and 
colony sinking. To date, the unique nature of P. globosa growth and survival, and the 
processes that control phytoplankton growth and changes in assemblage composition in 
coastal Vietnamese waters remain uncertain.
Based on satellite data, shipboard observations, and experimental investigations on 
P. globosa colonies, a correlative pattern was found between wind-driven upwelling 
and/or mixing and elevated pigment concentrations during monsoon seasons, and that 
freshwater input played an important role in generating water column stratification and 
thus altering the phytoplankton biomass in the water. Turbulent energy is considered to 
be one of the important factors that help maintain the P. globosa colonies in the euphotic 
zone; therefore, strong monsoonal winds may extend the P. globosa bloom offshore. The 
Vietnamese strain of P. globosa forms colonies up to 1.4 cm in diameter, but these were 
only observed in the coastal surf zone and exhibited extraordinarily high sinking rates in 
non-turbulent environment. The colony size may be constrained by the thickness (i.e., 
particulate carbon per unit surface) of the colony mucous envelope. Substantially 
elevated DOC concentrations were detected in the interiors of the giant colonies,
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although the permeability of the mucous envelope appears to increase as a colony grows 
larger.
As a means of synoptically monitoring, detecting, and characterizing the 
phytoplankton blooms in oceanic and coastal waters, ocean color remote sensing is 
becoming increasingly essential to collecting data and understanding the ecosystem 
responses over ecologically relevant scales. A model was constructed to differentiate 
dominant groups in the study area (Phaeocystis and diatoms) based on laboratory 
measurements on phytoplankton cultures. Derivative and similarity index analyses on 
phytoplankton absorption spectra suggested the main spectral difference between 
Phaeocystis and diatoms at 478 nm. Ratios of <3^(488)/<3^(551) and a (510)/a  (531)
and remote sensing reflectance inversion were used in this study to differentiate between 
Phaeocystis and diatom blooms. However, the practical applications of this approach to 
coastal waters, such as the south central coast of Vietnam, remain challenging due to the 
presence of materials of terrestrial origin which interfere with the phytoplankton 
radiometric signal.
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Appendix 1. Sinking rates of giant P. globosa colonies.
Colony diameter 
(cm) Time (s)
Distance 
travelled (cm)
Sinking rate 
(m d 1)
1.20 145 34.1 203.0
0.80 140 34.1 210.8
0.80 153 29.9 168.5
1.00 77 21.8 244.5
0.90 211 34.1 140.0
1.10 32 15.3 413.0
0.90 139 32.0 198.7
0.90 93 32.0 297.2
1.40 36.5 21.8 515.8
0.65 271 34.1 108.9
0.90 124 27.9 194.4
0.95 128 34.1 229.8
0.85 139 34.1 211.7
1.00 165 34.1 178.9
1.05 102 32.0 271.3
1.00 84 29.9 307.6
0.80 281 24.8 76.03
0.85 33 13.0 340.4
0.75 511 25.8 43.20
0.80 83 29.9 311.0
0.95 79 34.1 373.6
0.70 133 23.8 154.7
0.80 260 8.8 29.38
0.80 147 17.6 103.7
0.80 100 34.1 294.6
0.80 206 25.8 108.0
0.80 155 25.8 143.4
1.05 457 34.1 64.80
0.90 98 21.0 184.9
0.70 139 21.8 135.7
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Appendix 2. Colonial cell density and abundance of giant P. globosa colonies. NA 
represents unavailable data.
Colony 
diameter (cm)
Colonial cell 
diameter (nm)
Total cell 
counted
Cell density 
(xlO6 cm'2)
Total cell 
abundance (x io 6)
0.80 3.92 103 0.45 0.90
0.90 NA 98 0.43 1.08
0.75 NA 105 0.46 0.81
0.90 NA 82 0.36 0.91
1.10 NA 88 0.38 1.45
0.60 NA 71 0.31 0.35
1.05 NA 93 0.40 1.40
0.80 NA 86 0.37 0.75
1.20 NA 89 0.39 1.75
0.90 NA 61 0.26 0.67
1.25 NA 121 0.53 2.58
0.80 NA 103 0.45 0.90
1.20 NA 86 0.37 1.69
1.00 NA 131 0.57 1.79
1.05 5.15 96 0.42 1.44
0.95 4.66 88 0.38 1.08
0.70 3.43 91 0.39 0.61
0.75 3.68 87 0.38 0.67
0.80 3.92 87 0.38 0.76
1.00 4.90 97 0.42 1.32
1.00 4.90 72 0.31 0.98
0.60 2.94 62 0.27 0.30
0.40 1.96 52 0.23 0.11
0.90 4.41 81 0.35 0.89
0.95 4.66 101 0.44 1.24
0.80 3.92 91 0.39 0.79
0.80 3.92 81 0.35 0.71
0.85 4.17 85 0.37 0.84
0.65 3.19 92 0.40 0.53
0.80 3.92 92 0.40 0.80
0.90 4.41 64 0.28 0.71
0.90 4.41 126 0.55 1.39
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Appendix 3. Chlorophyll distribution in giant P. globosa colonies.
Colony diameter 
(cm)
Chlorophyll per unit 
surface (pg cm'2)
Chlorophyll per 
cell (pg)
0.80 0.022 0.049
0.90 0.111 0.260
0.75 0.022 0.048
0.90 0.140 0.395
1.10 0.187 0.489
0.60 0.012 0.040
1.05 0.235 0.581
0.80 0.176 0.473
1.20 0.199 0.514
0.90 0.014 0.052
1.25 0.215 0.409
0.80 0.199 0.445
1.00 0.286 0.502
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Appendix 5. DOC distribution in the interior of giant P. globosa colonies.
Colony 
diameter (cm)
Intracolonial DOC 
concentration (mM)
Total intracolonial 
DOC (iimol)
1.03 7.03 4.08
0.84 6.17 1.95
0.67 6.09 0.94
1.05 6.91 4.21
0.88 6.13 2.20
0.64 7.68 1.06
1.04 7.19 4.20
0.85 8.02 2.56
0.64 7.88 1.10
1.20 5.42 4.90
1.05 6.72 4.07
1.40 4.86 6.98
1.25 6.04 6.18
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Appendix 6. Salinity change with diffusion time in the inracolonial fluid and external 
seawater during the diffusion experiment. NA represents unavailable data.
Diffusion time 
(second)
150
270
300
319
600
900
900
1200
1200
1200
1800
1800
2400
2400
3600
3600
5400
5400
Intracolonial A salinity
NA
0.63
NA
NA
0.97
NA
NA
NA
NA
NA
1.54 
0.69 
2.67 
1.76 
2.64
2.55 
2.75 
-0.17
External A salinity
- 0.01
0.10
1.23
0.03
0.81
1.05 
0.33 
1.12 
1.38 
0.58 
1.12 
0.10 
1.13 
0.74 
1.12
1.06 
1.37 
1.05
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Appendix 7. A description of the mathematical steps involved in the inversion process on 
the basis of the update of QAA_v5 (Lee et al., 2009):
1. The first step is to calculate remote sensing reflectance below the surface, rrs,
from
r „ = -------— -------  (1)
"  0.52+ 1 .7 /^
where Rn is the above-water remote sensing reflectance derived from satellite 
data.
2 . rn can be derived from:
r „ W  = go“ W  + g M t y f  (2)
u(X )=  - b(X)----- (3)
a(X )+bb(X)
where a is the sum of absorption and bb is the sum of backscattering coefficients 
(Gordon et al.; 1988). g0 and g x must be predetermined. Lee et al. (2002) took 
the average of the oceanic case I values of Gordon et al. (1988) and the coastal 
water values of Lee et al. (2002) to give g0(A) 0.0895 and g^A )  0.1247. From 
the Eq. (2) and (3) above,
u W = - go± i( gs + 4 s s j » r  (4)
2 g,
3. The QAA then empirically estimates the total absorption coefficient at a reference 
wavelength, A0,where Rrs can be measured at 550, 555, or 560 nm for more 
turbid waters (values of bbw(/1) and aw(A) are provided in Morel, 1974):
a(Jv) =  a J A 0) + 1 o-im -u66^ OM9^  (5)
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where
4. Knowing a { \ )  allows an analytical calculation of the particulate backscattering 
coefficient at the reference wavelength, bbp(A0), from rrs:
= (7)
l-w (^ o )
The spectral power,7}, for bbp(X) is empirically estimated from:
77 - 2 .0 {l-1 .2exp [-0 .9  >W(4^ ) ]}  (8 )
and the particulate backscattering spectrum, bbp{X ), derived from:
\ W = M 4 > X V ^  O)
The total absorption, a(/1), is then calculated by substituting bbp(X) values into:
_  [1 - u ( m b bwW  + bbp(A)] 
a W  = -----------------— -------    (10)
U{A)
5. The QAA calculates absorption by detritus and "Gelbstoff", adg, but it does not 
allow separation of the two:
K 4 1 1 ) - ^ ( 4 4 3 ) ]  [0 . ( 4 1 1 ) - ^ (4 4 3 ) ]  (n )
adg W  = a(443) exp[-SQAA (A -  443)] (12)
where
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0.002 
0.6 + r „ ( 4 4 3 ) / r „ a )
5^ = 0.015 + — -------. ; (13)
0^(411) = o ? 4  + ------------ 0 2 ------------
a J 443) 0.8 + r „ ( 4 4 3 ) / r „ ( ^ )
aJ 4 l l )
«*(443)
4 =  ‘'8 , , „ . = e x p [^ ( 4 4 3  -  411)] (15)
6. Absorption by phytoplankton pigments is then given by:
av = a ~ a^ - a«, <16)
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